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Abstracts
Many tissues have the fascinating ability to self-heal or remodel when experiencing
stresses or trauma. However, above a critical defect size, our body cannot regener-
ate by itself leading to the formation of non-functional scar tissue. Biomaterials can
be used to provide a temporary template for the damaged tissues, facilitating their
full regeneration. However, the synthesis and use of such materials must adequately
respond to the specific needs of the tissue targeted and therefore fulfil distinctive cri-
teria. It is particularly true for the reconstruction of bone tissue, still lacking of an
ideal synthetic biomaterials template.
In this thesis, a biomimetic approach was developed to synthesise an ideal im-
plant for the regeneration of hard tissues. A bottom-up strategy was used based on
the sol-gel process where inorganic/organic hybrid co-networks were fabricated. To
do so, bespoke polymers were synthesised containing alkoxysilane precursors which
can be used to covalently bond to the growing silica network during the sol-gel pro-
cess. A particular attention was brought to polymers with a high degree of cross-
linking in particular homopolymers of 3-(trimethoxysilyl)propyl methacrylate and N-
[3-(trimethoxysilyl)propyl] acrylamide.
Models were developed and applied to experimental data to get a better insight on
how these polymers affect the sol-gel process as well as the structure and properties
of their resulting hybrids, as a function of the inorganic to organic ratio, molecular
weight, polydispersity and synthesis methods. A good understanding of these ma-
terials is crucial to improve their properties, progressing towards an ideal implant.
Hybrids were found to outperform their pure inorganic equivalent in terms of me-
chanical properties, nucleation of bone like minerals, cell attachment and proliferation,
presenting a huge potential for the regeneration of hard tissue.
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CHAPTER1
Introduction
"Vous devez apprendre les règles du jeu. Après ça, vous allez pouvoir jouer mieux que
quiconque."
∴
"You have to learn the rules of the game. And then you have to play better than anyone else."
-Albert Einstein
2 CHAPTER 1
1.1 Bone : a complex tissue
Bones ensure support for soft organs, provide protection to vital organs and act as
mineral storage. These features are maintained throughout life by continuous renewal.
This remodelling process is based on the bone cells activities which follows three sub-
sequent steps : activation, resorption and formation [8,9]. Cell signalling factors trigger
the differentiation and activation of two different types of cell. Osteoclasts, large
multi-nucleated cells originated from the heamatopoetic lineage, are able to remove
the bone matrix whereas osteoblasts, product of the mesenchymal stem cell differ-
entiation, lay down orientated flexible type-I collagen matrix. This organic template
is then mineralised with calcium-phosphate crystal (hydroxyapatite) formation along
the collagen molecule, within the intrafibrillar spaces [10], to form collagen fibrils.
The remodelling activity is mainly driven by the adaptive character of the tissue.
Bones can sense their environment and reply to metabolic or mechanical stresses. For
instance, in the absence of mechanical loads, remodelling is accelerated in favour of
the resorption whereas the bone density can increase in response of a cyclic load.
Moreover, Bone is capable of re-orientating the trabeculae in the direction of the load
to strengthen adequately its structure [11].
1.2 Tissue engineering for in situ bone regenera-
tion
The ability of bone to regenerate has its limits and when the tissue experience a
trauma, leaving a defect (injuries, cancer, etc), support is needed to assist the heal-
ing process. [12] One strategy is to use the defect as a bioreactor where a synthetic
material template, or scaffold, is introduced to guide and encourage the surrounding
osteogenic cells to repopulate and regenerate the lost tissue. However, the success of
this in vivo remodelling approach entirely depends on the properties of the artificial
substitute, themselves directly related to the materials used for its synthesis. Thus,
to ensure that bone can regenerate completely, without any side effect, engineered
implants have to fulfil defined requirements, which are illustrated in Figure 1.1:
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Figure 1.1: Scaﬀold requirements for in situ regeneration of the bone matrix
• First, an implant has to be biocompatible, which means that upon grafting, no
adverse immune response is triggered[13]. Then, the artiﬁcial substitute must
bond to the existing bone. Deﬁned as osteointegration, this continuity between
the artiﬁcial and natural tissue allows the transmission of mechanical stresses
from the tissue to the scaffold, where bioinert materials would only trigger a in-
ﬂammatory response leading to a ﬁbrous encapsulation.[14] This bond between
the scaffold and the surrounding bone must be the result of the bioactivity pro-
cess, [15] where the scaffold releases chemical cues which activate the cell activ-
ity (proliferation and differentiation) and subsequently induce the nucleation of
carbonated hydroxyapatite (HCA) on its surface. [16], sealing the artiﬁcial and the
host tissue together, preventing micromotion.
• An avascular implant will fail in its function[17]. Therefore, it is essential that
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Table 1.1: Mechanical properties of skeletal tissue [4], values depends on the sex and age
Compressive Tensile Strain Young’s Modulus Fracture PorosityStrength Strength to failure Toughness
MPa MPa % GPa MPa m1/2 %
Cortical 100-230 50-150 1-3 7-30 2-12 -Bone
Trabecular 2-3 10-20 5-7 0.5-0.05 - 85-98Bone
the substitute has an open 3-D structure, with a minimum pore size of 100
µm and a minimum interconnect size of at least 20µm, allowing blood vessel
ingrowth [18,19]. This is crucial as cells nutriments, oxygen and substantial hor-
mones such as IGF I II, FGF, TGF β and PDGF to survive. All these elements can
be delivered if the scaffold possesses a suitable architecture for vascularisation.
• Once the scaffold is fully vascularised and cells are attached and functional, the
scaffold has to degrade as the remodelling is taking place, meaning that osteo-
clast must be able to erode away the synthetic materials. The by-products of the
degradation must not trigger any adverse immune responses and be easily dis-
posable by the body, for instance, through excretion via the kidney (Glomerulus
pores < 5nm) and not block the spleen (splenic pores < 200 nm). [20,21]
• The mechanical properties of the synthetic implant should match those of the
host tissue in order to avoid inappropriate bone remodelling at the surround-
ing of the implant due to a non-transmission of mechanical stresses through the
scaffold (Table 1.1. [22,23]. In addition, it is important that the mechanical proper-
ties of the [scaffold-newly formed bone] system stays constant over the healing
process. Thus, the rate of degradation of the scaffold should follow closely the
rate of bone ingrowth to avoid any mechanical disruption.
• Surgeons must be able to work easily with the synthetic implant and be able to
cut it into shape to fit, effortlessly, the defect site.
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1.3 Thesis roadmap
The ultimate aim of the work reported in this thesis was to develop materials with
the potential to be used as bone implants and therefore fulfilling most of the crite-
ria listed in the section above. A biomimetic approach was considered, mimicking
bone in its composition and structure by synthesising, through the sol-gel process, in-
organic/organic hybrids with covalent interpenetrated nanometric phases. This was
achieved through the bottom-up development of bespoke polymers containing sol-
gel friendly processors. Radical polymerisation techniques were utilised to obtain a
high degree of control over the polymer structures focusing on the use of monomers
containing alkoxysilane groups, such as 3-(trimethoxysilyl)propyl methacrylate (TM-
SPMA) or N-[3-(trimethoxysilyl)propyl] acrylamide (TMSPAA). The next two chapters
describe why such approach was selected by reviewing the different attempts and
technologies reported in the literature, leading to the formulation of a clear and spe-
cific aim for this work as well as its intermediate objectives. Then, Chapter 3 focusses
on the effects of the molecular weight of the polymers and their relative concentrations
to the inorganic precursor on the structure and physical properties of the hybrids, us-
ing homopolymers of TMSPMA synthesised via regulated-free radical polymerisation
as an organic source. Extensive details on the biological performances of these hy-
brids are given in Chapter 4. The attention is then shifted in Chapter 5 towards the
understanding of the effect of a refinement in the polymer structure on the physical
properties of the hybrids, using an advanced controlled polymerisation technique. In
chapter 6, the polymerisation of N-[3-(trimethoxysilyl)propyl] acrylamide is reported
for the first time, opening new perspectives into the design of highly functional poly-
mers for the synthesis of hybrid for bone regeneration. Finally, conclusions are made
and suggestions for further work given.

CHAPTER2
Literature review
"La grandeur des actions humaines se mesure à l’inspiration qui les fait naître."
∴
"The grandeur of the acts of men are measured by the inspiration from which they spring."
-Discours de réception, Louis Pasteur
8 CHAPTER 2
2.1 Bioactive glasses and composites
In 1971, Professor Larry Hench designed a silicate glass, Bioglass R©, which revolu-
tionised the field of biomaterials. Bioglass, is a quaternary glass (45 wt% SiO2 - 24.5
wt% Na2O -24.4 wt% CaO - 6 wt% P2O5) which was designed to be close to the eutec-
tic point of the NaO2-CaO-SiO2 phase equilibrium diagram. [15] What made this glass
outstanding was the fact that when implanted in a rat for the first time, it could not
be removed without breaking the bone [24]. The ability to bond directly the host tissue
was attributed to the formation of a carbonated hydroxyapatite (HCA) layer on the
surface of the glass when placed in contact with the physiological medium. Upon
contact with body fluid, bioglass releases silicate, calcium and phosphate and thereby
forms a highly porous silica gel at its surface, which acts as a nucleation site for the
precipitation of calcium-phosphate crystals. The bone bonding-ability of Bioglass was
compared to hydroxyapatite in vivo and was found to be faster, mechanically stronger
and chemically more stable [25,26]. In addition the release of soluble silica was proven
to be a key element in the process of bone repair, as it enhances osteoblast activity,
whilst promoting extracellular matrix (ECM) production and cell differentiation. [27–29]
A considerable amount of research has been done on melt-derived bioactive glasses,
improving their bioactivity, and in vivo response by modifying their composition and
processing parameters [12,30]
However, despite their attractive chemistry and excellent in vivo performances,
bioactive glasses cannot fulfil all the criteria of an ideal implant. They are brittle and
are unable to take cyclic loads.
2.1.1 | Composite scaffolds
From an engineering and material scientist point of view, bone can be described as a
nanocomposite of hydroxyapatite and collagen. Thus, one way to overcome the me-
chanical limitations of bioactive glasses was to mimic closely the composition of bone.
Composites were developed in order to find a good compromise between bioactiv-
ity and brittleness of bioactive glasses, and the toughness of bioinert polymers. For
instance, Maquet et al reported the synthesis of poly(D,L-Lactide)-Bioglass (PDLLA-
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BG) composite scaffold using thermally induced phase separation, based on a freeze
casting method [31]. Briefly, PDLLA was dissolved in dimethylcarbonate and a given
amount of Bioglass was added to the solution. This solution was then frozen and the
solvent was removed by sublimation in a ethyleneglycol bath for 4 days. The resulting
scaffold was highly porous with a bimodal anisotropic pore structure, composed of
macropores superior to 100 µm along the freezing direction and micropores between
10 and 50 µm perpendicular to the freezing direction, suitable for bone regeneration.
PDLA is known to undergo hydrolysis upon contact with body fluid. However, the
degradation rate of the polymer was reduced when in presence of bioglass. It was
assumed that the ions released from the glass buffered the pH of the media which
slowed down the hydrolysis of the polyester. The ability to induce the nucleation of
hydroxyapatite was preserved. However with a porosity of 94 % the Young’s modulus
in the freezing direction was about 1 MPa, which is 150 of the trabecular bone range
[32].
To summarise, dispersing bioactive glasses in a polymer matrix brings toughness
and increases the strain to failure. However, this implies a substantial loss in Young’s
Modulus. In addition, the weakly bonded inorganic and organic phases do not de-
grade at an equal rate, leading to a rapid loss in mechanical properties. Moreover,
the two phases coexisting at a macroscopic level, the bioactivity and cell attachment
is inhomogeneous. For instance, there is a preferential affinity of the osteoprogenic
cells for the hard domains of the composite which are often masked by the polymer
matrix. A solution to overcome the inherent drawbacks of composites is to mimic not
only the composition but also the structure of bone by interpenetrating the organic
and inorganic phases a molecular level. However, this is extremely challenging using
conventional ground melt-derived glasses and physical blending methods. This can
only be achieved through the sol-gel process, which is an aqueous based approach to
synthesise glass and nano-composites.
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2.2 Silica hybrid: from a polymer perspective
2.2.1 | Sol-gel process
Figure 2.1: Reaction mechanism of sol-gel process under acid catalysis.
The sol-gel is a wet based chemical process used for the synthesis of silicate glass.
In the process, a silicon alkoxide precursor, such as tetraethyl orthosilicate (TEOS),
ﬁrst forms a colloidal suspension in presence of water. Then, upon increase of the
concentration of these colloidal particles and upon coalescence, an integrated network
is formed (gel), which can be dried and sintered, yielding to silica glass. It is com-
monly accepted that the network is formed by simultaneous catalysed hydrolysis and
polycondensation of the silicon alkoxyde precursor as represented in Figure 2.1[33].
The rate of hydrolysis and condensation are greatly inﬂuenced by a large number
of variables, such as the pH, the temperature, the nature and concentration of catalyst
and the H2O/Si(OR)4 molar ratio (R). Thus, changing one of these factors, affects the
ﬁnal properties and structures of the sol-gel glasses[34]. For instance, when catalysed
with a strong base, monodisperse silica nanoparticles can be obtained[35], whereas
an acidic catalysis would yield to a macroscopic monolith[36]. In order to prepare
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gels, the hydrolysis is ideally carried out below the isoelectric point of silicic acid
(pH 2), where the rate of hydrolysis is high with minimum condensation occurring.
Then, the condensation can be catalysed by either OH− when pH > 2 or H+ when
pH < 2, leading to the gelation point which is observe when the meniscus of a sol
in a container no longer remains horizontal when the container is tilted. [37]. The
gelation time can be considerably shortened by the use of hydrofluoric acid. The exact
role of fluorine ions as catalysts is not exactly understood but it is accepted that the
coordination number of silicon goes from four to five when reacted with fluorine,
enhancing the polycondensation reaction [38]. After gelation, gels can be aged and
dried to remove any solvent and by-product of the hydrolysis. The silica network can
then be strengthened and converted into a glass via sintering above 600oC.
The first bioactive sol-gel derived glass was reported by Li et al. in 1991 [39]. They
synthesised a ternary silica glass containing calcium and phosphate (60 mol% SiO2 -
36 mol% CaO - 4 mol% P2O5). Interestingly, the sol-gel derived glass was found to
be more bioactive than Bioglass in vitro [40]. This is mainly due to their difference in
specific surface area. As it was described above, sol-gel glasses are formed through
the aggregation of colloidal particles, which, as a result, generates interconnected
mesopores structure. Thus, the surface of sol-gel glasses in contact with the media
upon immersion in body fluid are at least two orders of magnitude larger than the
melt derived glasses [41]. In, addition more ’non-bridging’ oxygens are available for
nucleation of bone like apatite. The silica content can go up to 90 mol% without
inhibiting the bioactivity compared to 60% for a melt-glass [39]. Other composition can
be made through the process and were even found to have bone bonding capacity as
good as bioglass [42,43].
2.2.2 | Silica based inorganic/organic hybrids
To overcome the limitations faced by conventional composites while keeping the syn-
ergistic advantages of having two coexisting phases, the interactions between the in-
organic and organic phases must be intensified while decreasing the domain size of
each phase (high degree of mixture). The sol-gel process, due its mild conditions and
aqueous nature, offers the possibility of achieving this by interpenetrating polymers
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within the silica matrix at a scale approaching the molecular level. This specific class
of materials, called silica hybrid, were defined by Novak [44] and classified into five
different subgroups depending on the synthesis route, macromolecular structure and
phase connectivity:
I The first class of hybrid encompasses all soluble, preformed polymers, intro-
duced in the sol-gel synthesis during the hydrolysis and condensation of the
tetraalkoxysilane precursor. Upon gelation, the inorganic matrix embeds the
polymer and both phases coexist via weak intermolecular forces such as hydro-
gen bonds or Van-der-Waals forces.
II Class II hybrids also consist of preformed polymer chains dispersed in an inor-
ganic glass matrix. However, the polymer contains alkoxysilane groups and is
therefore able to covalently bond to the inorganic phase through the hydrolysis
and condensation of its alkoxysilane moieties (-CH2Si(OR)3).
Two methods can be employed to obtain linear polymers with alkoxysilane
groups. The first method, silanisation, consists of using an organosilane cross-
linker which possesses a reactive moiety, usually amine, isocyanate or epoxide
groups, that can react with an active site of the polymer, such as amine, hydroxyl
or carboxylic acid, forming a stable covalent bond. The second method consists
of directly polymerising monomers that contain alkoxysilane groups, such as
3-(trimethoxysilyl)propyl methacrylate (TMSPMA), through radical polymerisa-
tion. In either case, the polymer present alkoxysilane groups groups into the
sol-gel process that can hydrolyse and condense with the growing silica net-
work.
III The third type of hybrid that can be synthesised through the sol-gel process
consists of polymerising, via free radical or ring opening polymerisation, the
organic phase while the sol-gel process (e.g. the polymerisation of the inorganic
network) is taking place. Similarly to the class I, the polymer formed in situ only
interacts with the inorganic phase through weak forces.
IV Type IV materials are synthesised via simultaneous polymerisation of the in-
organic and organic phases where covalent bonds between the two phases are
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introduced by using monomers such as TMSPMA.
V The last type of hybrid, type V, is a derivate of the type III hybrid with the
only difference being that the hydrolysis of the tetralkyl orthosilicate precursor
liberates organic species that can be polymerised when placed in the appropriate
conditions.
Among all the different classes of hybrids, type I and II present the advantage
of allowing a controlled design of the polymer in architecture, chemical structure
and molecular weight while the characterisation and reproducibility of the organic
polymerisation in type III, IV and V, is challenging. Class II hybrid can potentially
overcome most of the limitations encountered with conventional composites. The
strong interaction between the two phases (covalent bond) ensures that both phases
will congruently degrade when placed into physiological media or implanted in a
patient [45,46]. In addition, the homogeneity in chemistry guaranteed by the fine size of
the organic and inorganic domains (at most, nanometer size) impacts the mechanical
behaviour by synergically withstanding loads where conventional, pure polymer or
pure ceramic would fail [47].
However, introducing an organic macromolecule that can covalently bond the in-
organic network during the sol-gel process increases the degree of complexity of the
system and the number of variables that have to be taken into account to efficiently
characterise and understand changes in properties. The first parameter to take into
account is the selection of a polymer source which must be biocompatible and sol-gel
friendly. Regarding the latter and according to the reported attempts of class II hy-
brid synthesis for medical applications, polymers can be divided into three distinct
families:
1. Polymers with functional end groups requiring silanisation
Polyester, polyether, or polysiloxane are linear, biocompatible and bioinert poly-
mers that usually present end groups suitable for silanisation. [48] These poly-
mers were among the first to be used as organic precursors in the synthesis of
hybrids for bone regeneration.
Polyethers (usually polyalkylene glycol) are non-degradable polymers used in
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a various range of applications such as excipients in pharmaceutical product
or raw materials in the fabrication of textile fibres. They usually present an
hydroxyl group at each extremity, which is a reactive site for silanisation.
Polyesters are the gold standard of biodegradable polymers in the medical field.
Polylactide (PLA), polyglycolide (PGA) and their copolymer Poly(lactic-co-glycolic
acid) are approved by the US food and drug administration for different clinical
applications such as sutures, stents, dialysis membranes and carrier for drug
delivery devices. Similarly to polyethers, polyesters present functional groups,
hydroxyl or carboxylic groups, at their extremities allowing silanisation.
Polysiloxanes, most commonly called silicone oil, are hydrophobic non-degradable
polymers resulting in the polymerisation of orgasilicon compounds (repeating
unit -[SiO(R)2]-, with R being an alkyl chain). In the biomedical field, polysilox-
anes are mostly used as materials for the fabrication of medical devices and
contact lenses. [49] They do not require silanisation to form class II hybrid, as
they can co-condense directly with the growing silica network. [50]
One of the main structural drawback of using end capped polymers is that the
degree of interpenetration cannot be dissociated from the molecular weight of
the polymer. For instance, at a fix inorganic to organic weight ratio in the hybrid,
if the molecular weight of the polymer is divided by two, then the number of
alkoxysilane moities would increase by twofold, multiplying by six the number
of possible covalent bond that could be formed (Si-O-Si).
2. Polymers with functional pending groups requiring silanisation
Unlike end capped polymers, polymers with functional pending groups can
have a degree of interpenetration, or degree of cross linking, independent of the
molecular weight, as many repeating units along the backbone of the polymer
can be silanised. There has been a growing interest in the use of naturally de-
rived polymers such as polypeptides and polysaccharides for their well known
biocompatibility, abundance and regulatory approval. In particular, the focus
was mostly laid on gelatin and γ-poly(glutamic acid) (PGA) which are polypep-
tides, together with chitosan, a polysaccharide. [45,51–68] PGA is a homopolymer
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of glutamic acid, meaning that each repeating unit have a pendant carboxylic
group whereas gelatin is composed of a succession of different amino acids
(glycine, proline, alanine, hydroxyproline, glutamic acid and arginine being the
most abundant) and present primary amines, carboxylic acids and hydroxyls as
possible silanisation site. Chitosan is a random copolymer of D-glucosamine and
N-acetyl-D-glucosamine in which all the repeating units have hydroxyl groups
and primary amines on the deacetylated units. The main advantage of naturally
derived polymers is their ability to be enzymatically and naturally disposed of
by the body. However, they are usually not soluble in organic solvents, which
can make the silanisation step challenging as explained in the next section.
3. Polymer with built-in alkoxysilane moieties
The last family of polymers that has been used as organic precursors for class II
hybrids is the family of the acrylic polymers. Pending alkoxysilane moieties can
be introduced within the polymer structure through the copolymerisation with
monomers such as 3-(trimethoxysilyl) propyl methacrylate, Vinyltrimethoxy-
silane or 3-(trimethoxysilyl) propyl acrylate. [46,69–77] Thus, because of this bottom-
up approach, they do not require silanisation and can be obtained through a
one-pot synthesis. With the recent development of controlled polymerisation,
acrylic polymers can be designed with a wide range of chemical functions (co-
monomers), structure (block copolymers, stars, brush, etc) and defined molecu-
lar weight with narrow distribution, making them very attractive for the synthe-
sis of class II hybrids. However, their main drawback is their lack of biodegrad-
ability. Thus, polymers have to be designed with a molecular weight (e.i. a
hydrodynamic radius) suitable for excretion through the glomerulus pores of
the kidney (< 8 nm). [20]
The first class II hybrids intended as bone implants were synthesised with poly-
mers belonging to the first two families as their associated synthesis or extraction
methods were well known, with most of them benefiting from regulatory approvals
for use as implants and commercially available. However, these polymers were not
originally made to be incorporated into the sol-gel process and their inherent proper-
ties, in particular their limited solubility in organic solvent, together with the nature
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of their functional groups, affect the yield of silanisation. In order to understand
the challenges and limitations behind the silanisation of naturally derived polymers,
polyether or polyester, the next section focuses on the different functionalisation meth-
ods.
2.2.3 | Silanisation of polymer for hybrid synthesis
This section critically reviews the different methods of silanisation of naturally de-
rived polymers, polyethers or polyesters. More information on the biological aspects
of these class II hybrids are available elsewhere. [12,78] In addition, other polymers such
as polyimide [79], polyphenylsulfone [80] and others which have been used as silanised
organic precursors for class II hybrids but targeting other applications are not re-
viewed here. Table 2.1 and Figure 2.2 lists the different polymers, with their associated
reactive groups and organosilane cross-linkers used towards silanisation.
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Figure 2.3: Reaction mechanism of nucleophilic attack of hydroxyl onto isocyanate catalysed
by a tertiary amine.
Amongst all the organosilane cross-linkers, and therefore silanisation methods,
listed in the Table 2.1, two have been widely used: 3-isocyanatopropyl triethoxysilane
(ICPTS) for the end functionalisation of poly(ε-caprolactone) and poly(tetra-methylene
oxide) and (3-glycidyloxypropyl)trimethoxysilane (GPTMS) for the functionalisation
of gelatin and chitosan. Thus, special attention is brought in the next two sections
to explain and comment on these two silanisation methods. For other functional-
isatison methods, namely, carbodiimide coupling, hydrosilylation or glutaraldehyde
cross-linking, further literature is available in Table 2.1.
Isocyanate-hydroxyl reaction
ICPTES possesses an isocyanate group (R-N=C=O) which is highly reactive due to the
delocalisation of the electron density towards the nitrogen and oxygen atoms (high
electronegativities of O and N). Thus, in the presence of active nucleophile, such as
R-XH (X = N, O, S), urethane, urea or thiourethane linkages (R-XH(COO)-R) can be
formed, as shown in Figure 2.3. [149] Polyesters and polyethers usually present hy-
droxyl groups at their extremities, therefore yielding to an urethane bond.
The reaction can be auto-catalysed, meaning that once formed, the urethane motif
can act as a catalyst to assist in the formation of a new urethane bond. However, the
nature of the solvent (electron donor domain and dielectric constant) and the concen-
tration of each compound have a significant effect on the reaction rate. [150] The reac-
tion can also be catalysed by tertiary amines [151] or organometallic compounds such
20 CHAPTER 2
as dibutyltin diacetate [113]. In the presence of hydroxyl terminated polyesters, tertiary
amines are preferred as they do not induce degradation of the polymer (scission of
the ester bond). Using 2,2’-diazabicyclo[2.2.2]octane (DABCO) in toluene seems to be
the optimum condition for the isocyanate-hydroxyl reaction, with a rate of reaction
approximately two order of magnitude greater than without catalyst. [150,152] This in-
crease in rate is due to the formation of hydrogen bonds between the tertiary amines
of DABCO and the hydroxyls of the polymer, increasing the strength of the nucleation
centre which attacks the electrophilic carbon of the isocyanate.
Tian et al. were amongst the first to report the successful end capping of a polyester,
poly(ε-caprolactone). After 24h of reaction catalysed by DABCO, full functionalisation
was obtained as shown by 1H NMR and infrared spectroscopy. The polymer was iso-
lated by precipitation without hydrolysis of the alkoxysilane moiety or scission of the
ester bond of the backbone. However, this method is not appropriate for low molec-
ular weight polymers or oligomers (number of repeating unit < 10) as it is difficult
to achieve a clear precipitation. Thus, Mazzocchetti et al. proposed a catalyst-free
method, adapted from the work of Helminen and co-workers and based on the bulk
isocyanate-hydroxyl reaction using high temperature, around 120 to 160oC. [119–121] As
shown by 1H NMR, they achieved full conversion in 15 minutes using ICPTES and
α,ω-hydroxyl-terminated poly(D,L-lactide) at 160oC. For short polymers, solvent as-
sisted reaction can also be used, as shown by Brennan et al., however, at a lower
reaction rate, taking up to 5 days to reach completion. [116]
Nucleophilic attack of epoxides
GPTMS is composed of an alkoxysilane moieties and an epoxide which can be used for
the silanisation of polymers bearing nucleophilic groups. Epoxides are cyclic ethers
which are reactive due to the strain conformation of their rings. Thus, nucleophiles
can attack the electrophilic carbon of the C-O, breaking the ring which relieves its
strain. They can react with a wide range of nucleophiles, from strong nucleophiles
such as Grignard reagents which react with epoxides in an SN2 manner, or weak
nucleophiles such as H2O or R-OH, reacting in a SN1 manner (Figure 2.4). [153]
Based on this consideration, GPTMS was assumed to be one of the most versatile
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Figure 2.4: Reaction mechanisms of epoxide with a strong (SN2) and weak (SN1) nucle-
ophiles
organosilane cross-linker for the silanisation of a large number of biocompatible poly-
mers (Table 2.1). Among the first, Ren et al. [145] and Liu et al. [138] reported the silanisa-
tion of gelatin and chitosan with GPTMS in water. These naturally derived polymers
possess, along their backbone, pending nucleophilic groups that can potentially at-
tack the strain epoxide ring of GPTMS: i) primary amines and hydroxyls in chitosan
(deacetylated unit) and ii) carboxylic acids, hydroxyls and amines from amino acid
residues such as aspartic acid, glutamic acid, lysine or serine in gelatin. However,
little analytical proof or dubious characterisation methods were used to confirm that
the cross-linking reaction occurred. For instance, Ren et al. analysed the amino acid
fragments obtained after hydrolysis of the peptidic bonds from silanised gelatin, as-
suming that the grafting bonds formed between the epoxide and any nucleophilic
residue was stronger and stabler than the amide bonds characteristic of the gelatin
backbone. This indicated that GPTMS preferentially reacts with arginine (guanidine
moiety, HNC(NH2)2), aspartic acid (COOH) and threonine (OH) residues with a yield
of 100%. However, the harsh acidic condition allowing the hydrolysis of the peptidic
bonds (6 N HCl, 110oC for 22h) would inevitably cause the hydrolysis of the ester
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formed during the reaction of the epoxide with the carboxylic group of aspartic acid,
as esters are around 100 time less stable than amide towards hydrolysis. [154] Thus, the
validity of these data is questionable.
In addition, several studies reporting the design of class II hybrid using only
GPTMS as a organosilane precursor (without polymers) focused on the stability of
the epoxy ring in aqueous media at different pH. [155–159] Thus, in conditions close to
those used in the silanisation of naturally derived polymers, the epoxide ring is likely
to open, resulting in the formation of diols, therefore reducing considerably its re-
activity towards nucleophiles. Gabrielli and co-workers investigated the reactivity of
GTPMS with simple nucleophiles (propanol, propylamine, propanthiol and propanoic
acid) at pH 6 and showed that among the nucleophiles tested only propanoic acid (car-
boxylic acid) can effectively attack the epoxide ring forming an ester without causing
diols to form. [160] However, the rate of hydrolysis of the epoxide, and in turn of the
diols formation, can increase when increasing the molar ratio of GTPMS to water,
highlighting the extreme sensitivity of the epoxide to its environment. Alternatively,
Connell et al. showed by quantitative 2D NMR (HQSC) and 15N MAS NMR that
the pending primary amine available in chitosan (molecular weight: 50-150 kDa, 75
% deacetylated) can react with GPTMS at pH 2 (yield ≈ 20 %) after 24h of reaction
whereas no significant coupling was observed at pH 6, corroborating data obtained
by Gabrielli et al.. [161] In addition, ring opening was observed at any working pH (2, 4
and 6) with an increase in rate of hydrolysis as the pH decreased. Thus, even though
the yield of the coupling reaction was not as high as first estimated by Ren and co-
workers, naturally derived polymers can be silanised with GPTMS and used in the
synthesis of true class II hybrids synthesised from naturally occuring polymers. Un-
fortunately, as the silanisation is taking place in water (limited solubility of chitosan
or gelatin in organic solvent), the alkoxysilane moiety of GPTMS simultaneously hy-
drolyses and condenses (formation of Si-O-Si bonds), cross-linking polymer chains
together or with unreacted GPTMS. [155,156] Thus, the isolation of silanised polymer
chains (e.g. purification) is challenging and the hyperbranching caused by the con-
densation of the alkoxysilane moiety of GPTMS favours phase separation between the
silica network formed during the condensation of tetraalkoxysilane precursors (within
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the sol-gel process) and the organic phase. [45]
Conclusion on the silanisation methods used
It is possible to silanise polymers having pending or terminal active groups using
organosilane cross-linkers. However, two distinguishable trends were observed: if
the polymer is soluble in aprotic solvents, then the silanisation can be achieved up
to completion with a good recovery of the purified functionalised polymer. How-
ever, for polymers with limited solubility in organic solvent, such as naturally derived
polymers, silanisation is inevitably challenging. The reactive site of the organosilane
cross-linker is competitively reacting with the grafting site on the polymer and H2O,
leading to low but existing yield. In addition, purification is almost impossible due
to the unstable nature of the alkoxisilane moiety in water. This makes reproducibility
and control of properties challenging.
2.2.4 | Alkoxysilane containing acrylic polymers
The strength of alkoxysilane containing acrylic polymers is their bottom-up synthesis
approach which allows the synthesis of bespoke polymers. In this section, the char-
acteristics of this family are further detailed, demonstrating their high tailorability in
composition and structure.
Monomers and polymerisation techniques for acrylic poly-
mers
The monomer synthesis and polymerisation of a alkoxysilane methacrylate poly-
mers was first reported by Varma et al. in 1987. [162] Thus, 3-(trimethoxysilyl) propyl
methacrylate (TMSPMA) was obtained by hydrosilylation of an allyl methacrylate
with trichlorosilane followed by a methanolysis. Figure 2.5 represents the common
monomers containing alkoxysilane groups. The unsaturated alkene of the vinyl and
(meth)acrylate group can react and propagate radicals which can subsequently re-
act with another monomer, which is basis of the radical polymerisation that can be
divided into two subcategories: i) free radical polymerisation [163] and ii) reversible
24 CHAPTER 2
O
O
Si
O
O
O R
R
R
O
O
Si
O
O
O R
R
R
Si
O
O
O
R
R
R
R = ; ;
3-(Trialkoxysilyl)propyl acrylate 3-(Trialkoxysilyl)propyl methacrylateTrialkoxy(vinyl)silane
Figure 2.5: Example of alkoxysilane containing monomers which can be used in radical
polymerisation.
deactivation radical polymerisation (RDRP), also called controlled radical polymerisa-
tion [164]. The later is of a great interest as polymers can be obtained with predictable
average molecular weight (Mn), narrow polydispersity (PDI < 1.5) and high control
over the chain architecture and composition, which can not be obtained with the con-
ventional free radical polymerisation. It relies on the reversible capping of the growing
polymer chains (radical). The equilibrium between the active and inactive is shifted
toward the inactive state, also called dormant, assuring the same probability of all
the chains to grow at an equal rate. As the polymerisation can be stopped with lit-
tle irreversible terminations when using RDRP techniques, it is possible to synthesis
block-copolymers. Thus, the next section is focusing on the polymerisation of acrylic
polymers containing alkoxysilane functional groups using RDRP techniques and the
fabrication of nano-objects using these polymers. It is noteworthy to mention that,
in the research described in this manuscript, regulated-free radical polymerisation
and reversible addition-fragmentation chain transfer (RAFT) polymerisation, a type
of RDRP, were used to polymerise TMSPMA. Thus, extensive theoretical background
on these two techniques is given in Section 2.3. For other polymerisation techniques,
please refer to reviews published elsewhere. [165–167]
Synthesis of nano-materials based on akoxysilane contain-
ing acrylate polymers.
As for GPTMS and ICPTES, 3-(trimethoxysilyl) propyl methacrylate is a reactive organosi-
lane monomer which can readily hydrolyse and condense. Thus, determining whether
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its reactivity would or would not be a barrier in obtaining well defined polymers has
been an increasing research endeavour, which grew with the interest for hybrid ma-
terials and with the development of RDRP polymerisation techniques. [168] For these
reasons, several reports describe systematic study of TMSPMA homopolymerisation.
The first controlled polymerisation of TMSPMA was reported in 1992 by Ozaki
et al. using living anionic polymerisation. [169] Well defined polymers were obtained
with, for instance, polydispersity going as low as 1.05 with an average molecular
weight of 8.2 kDa (33 repeating units). However, this polymerisation method requires
rigorous monomer purification (double distillation against triocylaluminium) to ob-
tain of a polymer with narrow polydispersity (below 1.2). Along with the polymeri-
sation of TMSPMA, the polymerisation of 3-(triethoxysily1)propyl methacrylate and
3-(tri-2-propoxy silyl) propyl methacrylate was also reported (Figure 2.5). These two
monomers possess different alkoxy chains which did not seem to affect the living an-
ionic polymerisation. However, the nature of the alkoxy chains has a drastic effect
onto the stability towards hydrolysis. Once the polymer formed, the methoxy and
ethoxy variants react with moisture in the air, increasing the complexity of their pu-
rification whereas the 3-(tri-2-propoxy) variant can be stored in air for a prolongated
time.
Du et al. reported the polymerisation of TMSPMA via a transition metal medi-
ated RDRP called atom-transfer radical polymerisation (ATRP). [170] As for the method
described above, a good control over the polymerisation can be obtained using TM-
SPMA. In addition, the monomer does not need rigorous purification and a simple
distillation against calcium hydride is sufficient. However, the polymers synthesised
in this report had relatively high polydispersity as compared to other methacrylate
polymers synthesised under similar conditions. This might be due to the removal
of the transition metal, copper bromide, by column chromatography using basic alu-
mina as a stationary phase. During the purification, hydrolysis and condensation of
the alkoxysilane moiety can occur, cross-linking individual polymer chains together
and thereby increasing the apparent polydispersity of the polymer.
Mellon and coworkers polymerised TMSPMA via reversible addition-fragmentation
chain transfer. [171] This polymerisation technique relies on the affinity of dithioester
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or trithiocarbonate (chain transfer agent) for radicals to inactivate and subsequently
reinitiate the polymer growth. Again, the alkoxysilane moiety was stable enough to
lead to the formation of well defined polymers, PDI = 1.09, Mn= 32.6 kDa (130 repeat-
ing units). In addition, RAFT polymerisation does not require the use of a catalyst,
purification of the poly(TMSPMA) can be achieve by simple precipitation.
Thus, these preliminary works showed that alkoxysilane containing methacrylate
monomers can be synthesised using diverse advance polymerisation techniques. It
is noteworthy to mention that along with the homopolymerisation of TMSPMA, Du
et al. and Mellon et al. demonstrated that high-chain end fidelity can be obtained
by extending poly(TMSPMA) blocks with methyl methacrylate. The ability of chain
extend poly(TMSPMA) has been a real driving force in the synthesis of nano-materials
that can be stabilised upon condensation of the alkoxysilane moiety of TMSPMA.
A variety of structures such as vesicles (VS), spherical nano-particles (NP) or
thin-film (TF) with ordered lamellar structures have been synthesised through the
self-assembly of well defined block-copolymers incorporating 3-(alkoxysilyl) propyl
methacrylate or acrylate (Figure 2.6). The nature of these assembles relies on the
differences in chemistry between the two blocks, which can induce microphase sepa-
ration. [192] In bulk, the overall molecular weight of the polymer, the relative fraction of
each block and the effective interaction energy between the monomers define spacial
ordering of the polymer: isotropically disordered state, lamellar or hexagonal packed.
However, when solvated, the relative affinity for the monomers to the solvent pre-
vails and under the right conditions can lead to the micellation of the polymer. The
incontestable advantage of using alkoxysilane containing blocks is the possibility of
chemically stabilising these nano-materials through the formation of Si-O-Si bonds,
hypercross-linking the structure. Table 2.2 lists the monomers used for the prepara-
tion of copolymers with an alkoxysilane containing monomer towards the formation
of self-assembled nano-materials. Despite the fact that these monomers are differ-
ent in their chemistry, similarities can be found in their self-assembly protocols, with
regards of the structure targeted.
For instance, to obtain nanoparticles, a block copolymer is placed in the solvent
where both segments are soluble. Then a second solvent is introduced, in which one
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Table 2.2: Monomers and controlled polymerisation techniques used to copolymerise (block
or random) alkoxysilane (meth)acrylate as well as the corresponding nano-
materials synthesised from the resulting polymer.
RDRPa Monomer nano-materialsb Ref
NMP
NP, TF [172–176]RAFT
ATRP
RAFT
N
FT [177]
ATRP
O
O
17
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O
O
N
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a NMP = nitroxide-mediated polymerisation, ATRP = Atom-transfer radical-polymerisation, RAFT =
Reversible addition-fragmentation chain-transfer. b NP = nanoparticle, TF = thin-film, VS = vesicle.
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Figure 2.6: TEM images representative of the different structure that can be obtained
and stabilised with block-copolymers containing a gelable segment: a)
nanoparticles obtained from poly(isopropylacrylamide)48-b-poly(TMSPMA)60
via rapid micellation. [1] b) thin-film with a lamellar structure obtained by
self-assembly of poly(styrene)272-b-poly(3-(trialkoxy silyl) propyl acrylate)224-b-
poly(styrene)260 c) vesicle obtained by self-assembly of poly(ethylene glycol)45-
b-poly(TMSPMA)59. [2]. d) schematic representing the formation of nanoparti-
cle via self-assembly of block-copolymer containing a gelable segment. [3]
of the segment has a poor solubility. Above a critical concentration, micellation is
taking place. Thus, based on this principal, particles can be formed with a silica core
or shell depending on the solvent system selected and the nature of the second block.
When both of the solvents are non-aqueous, the size of the micelles can be controlled
by increasing the number of repeating unit of one block while fixing the other, e.g.
increasing the molecular weight of the block copolymer. For instance, Gamys el al. ob-
tained poly(3-(triethoxysilyl) propyl-b-styrene) micelles which increased in size by 50
nm when adding 283 styrene units. [172] However, when one of the solvent is water, the
micellation method has a significant impact on the final structure of the particles. If
added quickly under vigorous agitation, spherical micelles, similar to the non-aqueous
method are formed. However, when added in a dropwise fashion, large compounds
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Figure 2.7: Schematic representing the synthesis of class II hybrid using TEOS and random
copolymer of TMSPMA with methyl methacrylate or 2-hydroxyethyl methacry-
late.
micelles are formed, resulting of aggregation of smaller colloidal particles. [192] For
instance, Zhang et al. reported the synthesis of thermoresponsive nanoparticle from
poly(3-(trimethoxysilyl)propyl methacrylate60-b-N-isopropylacrylamide48) using these
two methods. [1] When precipitated quickly, spherical micelles of 50 nm are formed,
close to the theoretical value of 54 nm, which assumes a stretched conformation. How-
ever, when water was slowly added to the dimethylformamide containing polymer
solution, particles of 110 nm were obtained. No clear explanation was given in this
work on why this difference in kinetics led to such differences in size and morphol-
ogy. However, it is likely that the alkoxysilane moiety of the polymer hydrolyse and
condense at an early stage, before the addition of the gelation catalyst and even be-
fore reaching the critical micelle concentration, resulting in the formation of large
compounds micelles.
Synthesis of methacrylate based class II hybrids for bone
regeneration.
Despite the high flexibility and tailorability that can be afforded with the different
controlled radical polymerisation techniques, it is surprising to see that no class II
hybrids has been reported using such polymers for the synthesis of materials targeting
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bone regeneration. Only the conventional free radical polymerisation has been used.
In addition, the number of structure studies is limited to two: random co-polymers of
TMSPMA and methyl methacrylate (MMA) or 2-hydroxyethyl methacrylate (HEMA)
as shown in Figure 2.7 [46,69–77]. For reason which are not clear, in all these reports the
fraction of TMSPMA within the polymer, namely cross-linking density, did not exceed
20%.
However, with respect to the application, promising data were acquired, with nu-
cleation of calcium phosphate on the surface of the hybrid in simulated body fluid
achieved within 24 h for poly(TMSPMA10-co-HEMA90)/CaCl2, and the bulk Young’s
modulus reached 4±0.2 GPa for poly(TMSPMA20-co-MMA80) / SiO2-Ca(NO3)2. [46,70,193]
However, a significant scatter in properties was observed for hybrid labelled with
similar compositions. For instance, Ravarian et. al. reported mechanical properties
with three orders of magnitude lower in Young’s modulus for hybrids made with
poly(TMSPMA-co-MMA) with consistent inorganic to organic weight ratio compared
to Lee et al.. Many of the reports are missing polymer characterisation (molecular
weight and structure). Thus, scatter in properties data may originate from a sig-
nificant variation in the polymer chemistry, which might affect its interaction and
interpenetration with the silica matrix.
A real cleavage exists between the potential of radical polymerisation in design-
ing bespoke structures suitable for the synthesis of hybrids and the regeneration of
bone tissue and the polymers used in the literature. In order to better understand
the flexibility and tailorability of radical polymerisation, the next sections focus on
introducing the concepts behind free radical polymerisation, regulated-free radical
polymerisation and reversible addition-fragmentation chain transfer polymerisation
(a RDRP method).
2.3 Free radical polymerisation
Free radical polymerisation is a chain-growth type of polymerisation used for the syn-
thesis of polymers through the formation and propagation of radicals. This synthesis
method can be kinetically divided into three main steps, all related to different reac-
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tions that radicals undergo : chain initiation, chain propagation and chain termination.
2.3.1 | Chain initiation
First, to start any free radical polymerisation, a primary radical is generated. This
reaction is based on the dissociation of a molecule called a radical initiator. Several
external stimuli can be employed to induce the formation of radicals such as temper-
ature, light or ionisation radiation. Only thermal initiators, which decompose with
an increase of the temperature, are reviewed here. Nevertheless, details can be found
elsewhere for other types of initiation. [194] The most common thermo-radical initiators
are azo-compounds (R-N=N-R) and peroxide (R-O-O-R), which cover a wide range of
temperature of decomposition, from 50 to 200 oC, and half life, from few minutes
to weeks, depending on their functional group R. Thus, when an initiator is heated
above its threefold temperature, it undergoes a homolysis and two radicals are formed
(Equation 1). However, not all primary radicals are initiating a polymeric chain as they
can recombined with the solvent, react with impurities or inhibitors. Only a fraction
f of initiator, usually varying from 0.7 to 1, starts a polymeric chain (Equation 2). An
initiation is considered complete with reaction of the first monomer with a primary
radical. Here is an example of initiation with a methacrylate monomer bearing a
chemical group R, using Azobisisobutyronitrile (AIBN) as an initiator :
Methacrylate 
monomer
N
N N
N
kd
60oC
N
+ N22x CN O
O
R
ki
Reaction Rate
Initiator homolysis I
kd−→ 2R• d[R•]dt = 2kd[I] (I)
Chain initiation R• + M ki−→ P•1 Ri = d[P
•
1 ]
dt = 2 f kd[I] (II)
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2.3.2 | Chain propagation
When a polymerisation is engaged, the chain propagation reaction takes place where
a polymeric chain is growing thoughtout the reaction of the polymeric radical with
a monomer. In free radical polymerisation, monomers have a vinyl (-CH=CH2) func-
tional group. Their unsaturated carbon-carbon bonds are particularly reactive to-
wards free radical, as they can form a more stable bond by sacrifying their pi bond
in favour of a σ bond with the radical. Therefore, when a radical is attacking a
monomer, a monomer is added onto the polymeric chain. In addition, the other
electron (σbond) coming from the vinyl group regenerates the radical by migrating
onto the other carbon, giving to the reaction its propagating nature. (Meth)acrylate
monomers ((CH3)CH2=CHCOO-R) are preferentially used due to their electron-with-
drawing group (ester) that can stabilise the propagating radical by resonance. One of
the important number related to the extent of the propagating reaction is the degree
of polymerisation (DP) which is equal to the average number of monomer added on
the polymeric chain over the propagation reaction. Measuring the DP of a polymer,
typically by 1H NMR, is an indirect method to calculate the average molecular weight
of the macromolecule (which will be described in more details later in this section).
The propagation reaction carries on until the radical reacts with a non-regenerative
entity and thereby stopping the polymeric from growing further. This is called chain
termination and as the chain initiation, it occurs constantly over the period of the
polymerisation. Here is an example of propagation of a radical along a methacrylate
polymeric chain :
O
O
R
n
O
O
R
+ O
O
R
n+1kp
OO
R
OO
R
Reaction Rate
P•n + M
kp−→ P•n+1 Rp = d[P
•
n+1]
dt = kp[M][P
•
n ] (III)
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2.3.3 | Chain termination and chain transfer
Several different mechanisms can lead to the termination of a growing chain and
are all closely related to the type of contaminant present such as oxygen. Yet, if the
amount of contaminant is low, termination could mainly be achieved by two different
mechanisms. In one hand, there is termination by combination where two radicals of
growing chains are reacting together to form a polymer with a degree of polymerisa-
tion equals to the sum of the two original chains. On the other hand, the termination
can occur by radical disproportionation, which also terminates two growing polymeric
chains. However, in this reaction, two separate polymers are generated. The radical
of one chain abstracts a proton of the end of the other, making the radical of the latter
recombining with the released electron.
O
O
R
n m
n m
H
O
O
R
n
H
H+
Combination
Disproportionation
OO
R
O
R
O O
R
O
OO
R
OO
R
O O
R
OO
R
O O
R
OO
R
O O
R
O
O
R
n m
OO
R
O
R
O O
R
O
H
HH
m
Reaction Rate
P•n + P•m
kte−→ Pn+m or Pn + Pm Rte = − d[P
•]
dt = kte[P
•][P•] (IV)
However, not all terminations are associated with the destruction of a radical.
Called chain transfer, this reaction involve a transfer of a polymeric radical onto an-
other molecule which has a labile proton. Therefore, a growing chain is stopped and
another is initiated. Two cases can be noticed here, either the chain transfer occurs
with species that are already present in the polymerisation media, such as monomer,
solvent or initiator. These are unavoidable side-reactions that can be limited by a
careful chose of solvent and relative concentration of reagents. Besides, molecules
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called chain transfer agent (CTA) can be added to deliberately transfer radicals. Thi-
ols (R-SH) are the most common CTA where polymeric radicals can readily abstract
the labile hydrogen from thiol moiety. Adding such molecule into a polymerisation
reaction reduces the average DP (and therefore the average molecular weight) of the
final polymer. This method has been extensively used to get an overall control of the
molecular weight of (meth)acrylate. However, it was found that such reaction is re-
ally sensitive to the solvent used, the temperature and the chemistry of the monomer.
Thus, each polymeric system (i.e. fixed solvent, monomers, temperature and concen-
trations) are unique with regards of this reaction, which means that predefined control
of the DP is not always guaranteed. More details will be given in the following section
on the kinetics of this reaction. In addition, theoretical consideration of why the DP
can be regulated using such technique will be also given. In the meanwhile, here is a
schematic representing a chain transfer with a thiol:
O
O
R1
n
H S
R2
H
O
O
R1
n
S
R2 SR2 O
O
R1
ktr k
monomer
i
O O
R1
OO
R1
Reaction Rate
P•n + S
ktr−→ Pn + P•1 Rtr = − d[P
•]
dt = ktr[P
•][S] (V)
2.4 Regulated-Free radical polymerisation (R-
FRP).
2.4.1 | Effect on the degree of polymerisation
To understand how using chain transfer agent (CTA) can affect the degree of poly-
merisation, it is interesting to see how the degree of polymerisation evolves with time.
The degree of polymerisation, is kinetically defined as the variation of monomers con-
sumed over the variation of end chains, excluding radicals, present in solution. With
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regards to the variety of reactions that a radical can undergo, end groups can be gen-
erated through a chain initiation, a termination by disproportionation or by a chain
transfer. Thus, over a period of time dt, the degree of polymerisation DPdt, can be ex-
pressed using the reaction rate introduced in equation (II), (III), (IV) and (V) and the
average DPn calculated by its integration over the full length of the polymerisation:
v = DPdt =
Rp
Ri + 2Rte,d + Rte,c + Rtr
⇒ DPn =
∫ ∞
0
DPdt dt (2.1)
Thereon, if all the transfer reactions are taken into account and the different rates
are replaced by their expression, the inverse of the degree of polymerisation DPdt can
be written in the following way:
1
DPdt
=
2kte,d + kte,c
k2p[M]2
Rp + CI
[I]
[M]
+ CTr
[CTA]
[M]
+ CS
[S]
[M]
+ CM + CP
[P]
[M]
(2.2)
Where CX is the ratio of the rate of the transfer reaction with X over the propaga-
tion constant, CX = kXkp (X={S=solvent, I=initiator, T=CTA, M=monomer & P=polymer}).
Excluding CTA, it is commonly assumed that all transfer reaction are negligible,
ktr  kp. Therefore, the inverse of the instantaneous degree of polymerisation (equa-
tion 2.2) can be simplified in the following way :
1
DPdt
=
2kte,d + kte,c
k2p[M]2
Rp + CTr
[CTA]
[M]
(2.3)
Hence, under conditions that can be readily met experimentally, the degree of
polymerisation of a growing chain is a function of terminations, transfer and propa-
gation rates. In addition, it is important to notice that from this equation and if no
CTA is used, a successful polymerisation ( 1DPdt < 1) relies on a rapid propagation rel-
ative to terminations (kp  kte). Based on that remark, adding a chain transfer agent
into a polymerisation solution could lead to three different situations depending on
the relative difference in rate between the propagation of a radical and its transfer.
If CTr  1, the propagation rate is significantly greater than the transfer rate which,
therefore, drives radicals to react more with monomers than a CTAs. Thus, no change
in molecular weight is expected and classic terminations defines the degree of poly-
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merisation :
1
DPdt
=
2kte,d + kte,c
k2p[M]2
Rp + CTr
[CTA]
[M]
CTr1≈ 2kte,d + kte,c
k2p[M]2
Rp (2.4)
In the case where CTr  1, the polymerisation is split into two subsequent regimes.
In the first instance, the degree of polymerisation is driven by the transfer reaction as
CTr  1 ⇔ ktr  kp ⇒ ktr  kte. However, under normal experimental conditions,
the CTA is less concentrated than the monomer. Thus, after full CTA consumption,
classical terminations take the upper hand. Therefore, the distribution of molecular
weight is likely to follow a bimodal distribution without any control of the average
molecular weight.
Finally, when CTr ≈ 1, classical terminations are not the predominant reactions
that can prevent a polymeric chain from growing as CTr ≈ 1 ⇔ ktr ≈ kp ⇒ ktr  kte.
Diminution in monomer and CTA concentration follows the same trend and more
importantly the same rate (in opposition to CT  1). Therefore, the degree of poly-
merisation can be simplified in the following way :
1
DPdt
=
2kte,d + kte,c
k2p[M]2
Rp + CTr
[CTA]
[M]
CTr≈1≈ CTr [CTA]
[M]
⇒ DPn = 1CTr
[M]t=0
[CTA]t=0
(2.5)
A direct regulation of the average molecular weight can be achieved under such
condition. In addition, the degree of polymerisation is predefined by the initial relative
concentration of monomer to CTA.
2.4.2 | Evaluation of CTr
Adding a chain transfer agent into a polymerisation system can have significant effect
on the degree of polymerisation depending on the value of the chain transfer constant
CTr. Therefore, when using regulated free radical polymerisation, it is important to
experimentally quantify CTr. In 1955, Joseph O’Brien and Fred Gornick developed a
kinetic method based the following observation [195]; If a chain transfer agent is effec-
tively regulating the average molecular weight of a polymer, therefore the variation of
the degree of polymerisation over a period dtis a function of the infinitesimal variation
of monomer and CTA concentration :
2.5. REVERSIBLE ADDITION-FRAGMENTATION CHAIN-TRANSFER 37
1
DPdt
=
d[CTA]
d[M]
(2.6)
Thus, by combining equation (2.5) & (2.6) and after integration over the length of
the polymerisation, the following law, called the O’Brien law can be deduced :
1
DPdt
=
d[CTA]
d[M]
&
1
DPdt
= CTr
[CTA]
[M]
⇒ ln( [CTA]t=0
[CTA]t
) = CTr ln(
[M]t=0
[M]t
) (2.7)
The chain transfer constant CTr can therefore be extracted performing a linear
regression as long as the monomer and CTA conversion over time is known.
2.5 Reversible addition-fragmentation chain-transfer
Table 2.3: Comparison of the features characteristic of reversible-deactivation radical poly-
merisation (RDRP) and free radical polymerisation (FRP)
Property FRP RDRP
Initiator concentration Fall slowly Fall very rapidly
number of growing chain Decrease* Constant*
radical lifespan ≈ 1 s Same as reaction time
Termination Combination or disproportionation Negligible
DP Broad range, Shulz-Zimm distribution Narrow range, Poisson distribution
Dormant state Non Predominant
* over the polymerisation reaction time.
We have demonstrated in the sections above that, under appropriate conditions,
irreversible chain transfer reaction can be used to regulate the average molecular
weight of polymers. However, control over the molecular weight distribution cannot
be achieved using this method and in general with free radical polymerisation. This
is due to the relatively short lifespan of the polymeric radicals (≈ 1 s), consequence
of the diffusion-controlled termination/transfer reactions, which give an non-uniform
growth of the polymeric chains, therefore statistically widening the distribution of the
molecular weight. However, recent advances in radical polymerisation opened new
perspectives with the synthesis of polymers with extremely narrow molecular weight
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distributions, based on the reversible deactivation of the propagating radicals. These
polymerisation techniques, rely on an increase in the radical lifespan to the extent of
the polymerisation experiment (from 1 to 48 h). To achieve this, a controlling agent
reacts reversibly with the growing radicals bringing them into an active/dormant
equilibrium. If the equilibrium is shifted towards the inactive state (not irreversibly
terminated), the chain termination can be brought to a negligible level. Only a small
fraction of polymeric chains are active at a time, ensuring the same growing rate for
all the chains. Thus, the molecular weight (i.e. the degree of polymerisation) assume
a narrow poisson distribution.
Reversible-deactivation radical polymerisation (RDRP) techniques share common
features which are summarised and compared to these of the conventional free radi-
cal polymerisation (FRP) in Table 2.3. Among all the RDRP techniques the reversible
addition-fragmentation chain transfer (RAFT) is one of the most versatile with regards
of the range of monomers that can be polymerised. RAFT polymerisation uses thio-
carbonylthio (ZC(=S)SR) compounds, RAFT agent, as radical buffer to establish the
active/dormant equilibrium. Figure 2.8 describes the principal steps leading to the
RAFT equilibrium and therefore to the control over the molecular weight distribution.
However, an optimal control depends greatly on the RAFT agent selected (specific
R and Z groups) with regards to the reactivity of the monomer.
The R group has a crucial role in the establishment of the main equilibrium. It
must be a good homolytic leaving group (kβ  kα) and must be able to reinitiate the
polymerisation effectively. For the polymerisation of methacrylate, strong electron-
withdrawing groups are recommended, such as cumyl or 2-cyano-2-propyl, as they
decrease the rate of transfer (kα) and favour the fragmentation reaction (kβ). However,
for the monomer with a higher rate of propagation (kp), such as acrylamide, the rate of
fragmentation needs to be lowered to reach the main equilibrium. More steric groups
are therefore preferred such as 2-alkylcarbonyl-2-propyl. However, introducing steric
hindrance inevitably decreases the re-initiation rate. Thus, the right balance is usually
a function of the length of the alkyl chain.
The Z group play an important role in maintaining the main equilibrium by sta-
bilising the adjacent radical centre of the RAFT adduct radical intermediate. For
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Figure 2.8: Schematic representing the general mechanism of RAFT polymerisation.
less reactive monomers, such as methacrylate, aromatic groups are recommended
whereas more active residues are required for the polymerisation of acrylamide, such
as thioalkyl.
To summarise, a sucessfull RAFT polymerisation is characterised by :
• An early and complete pre-equilibrium and re-initiation, meaning that all chains
should start growing at the same time.
• The rate of fragmentation (k f rag) should at least be tenfold the transfer rate (ktr).
• The concentration of initiator should be low compared to the number of growing
chains.
These mechanistic considerations lead to a control of the molecular weight distribution
by allowing a linear chain growth (molecular weight) with the conversion of monomer
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into polymer.
2.6 Terminologies
2.6.1 | Molecular weight distribution: terminology and
measurement
Number average molecular weight (Mn), weight average
molecular weight (Mw), and polydispersity index (PDI) def-
inition
The molecular mass or molecular weight of a polymer is defined by termination or
transfer reactions (when using free radical polymerisation). However, these reactions
occur with no external control which means that they are statistically driven. There-
fore, polymers synthesis by radical polymerisation have their molecular weight that
follows a distribution which can be described by their number average molecular
weight, Mn, and their weight average molecular weight, Mw :
Mn =
∑Ni Mi
∑Ni
& Mw =
∑Ni M2i
∑Ni Mi
where Mi is the molecular weight of a chain and Ni is the number of chains of
that molecular weight. related to the degree of polymerisation. Mn can be directly
correlated with the degree of polymerisation of a polymer and there are equal num-
bers of molecules on either side of Mn distribution. Mw is more sensitive to the actual
molecular size and there are an equal weight of molecules on either side of Mw. There-
fore, the span of a distribution is characterised by the ratio of Mw over Mn and called
polydispersity index (PDI).
PDI =
Mw
Mn
PDI is always superior to 1 and the larger the PDI, the broader the molecular
weight distribution. FRP would reach a PDI value between 1.5 to 2 depending on the
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termination mechanism whereas with RAFT polymerisation PDI are always below 1.5
and could go down as low as 1.04.
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2.7 Aims and objectives
Class II hybrids present real potential as materials for the in situ regeneration of bone
defects. There has been considerable interest in finding the right polymeric source
to maximise their properties with regards to the requirements that an ideal implant
should meet. Polyester, polyethers and natural polymers were the first to be consid-
ered for their numerous advantages, such as being biocompatible, readily available
and already approved for medical use. However, to covalently bond to the growing
silica matrix during the sol-gel process they must first be functionalised with organosi-
lane cross-linkers. This necessary step has proven to be challenging, especially with
chitosan and gelatin where their poor solubility in organic solvents led to incomplete
reactions that cannot be purified.
In that respect, acrylic polymers are an attractive alternative as their bottom up
synthesis approach guarantees the incorporation of alkoxysilane groups within their
structures when monomer such as 3-(trimethoxysilyl)propyl methacrylate are used. In
addition, with the recent advances in reversible deactivation radical polymerisation,
high degree of control can be obtained on the structure, molecular weight and mor-
phology of polyacrylics. This would supposedly allow a fine control and tailorability
of the properties of hybrids. However, the few hybrids reported in the literature with
polyacrylic as organic source used conventional free radical polymerisation with little
attention paid on the characterisation of the polymer and its influence on the hybrid
structure. In addition, polymers with low cross linking density were used and the use
of high cross-linking density polymer remained to explore.
The aim of this thesis is to unravel the potential of high cross-linking density
polyacrylic for the synthesis of class II hybrid for in situ bone regeneration.
To reach this aim a comprehensive approach was used, starting with the synthesis
method used in the current development of class II hybrids for medical use towards
more advance polymerisation techniques that allow better control over the polymer
features.
Thus, homopolymers of 3-(trimethoxysilyl)propyl methacrylate (TMSPMA) were
first synthesised with regulated-free radical polymerisation. New analytical charac-
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terisation methods were developed to investigate the influence of poly(TMSPMA) on
the structure of the hybrids. The biological relevance of these hybrids, with regards
to the regeneration of hard tissue, were assessed and compared their pure inorganic
homologue. Then, the effect of a refinement in the polymer structure was assessed by
comparing the physical properties of poly(TMSPMA) synthesised by r-FRP and RAFT.
Finally, new perspective in the design of gelable polymer were opened by reporting
the first controlled polymerisation of N-[3-(trimethoxysilyl)propyl] acrylamide.

CHAPTER3
Poly(3-methoxysilylpropyl methacrylate):
effect on the physical and structural
properties of sol-gel silica class II hybrids.
"Pour examiner la vérité, il est besoin, une fois dans sa vie, de mettre toutes choses en doute
autant qu’il se peut."
∴
"If you would be a real seeker after truth, you must at least once in your life doubt, as far as
possible, all things."
-Discours de la Méthode, René Descartes
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3.1 Chapter summary
In this chapter homopolymer of 3-methoxysilylpropyl methacrylate (TMSPMA) were
synthesised using regulated-free radical polymerisation. Thioglycerol was found to be
a good chain transfer agent with a chain transfer constant of 0.72±0.03. Silica class II
Hybrids were successfully synthesised using poly(TMSPMA) and tetraethyl orthosili-
cate (TEOS). The influence of the polymer on the structure and the resulting physical
properties were studied. The complexity and fine scale of the co-network interactions
requires the development of new analytical methods to understand how network evo-
lution dictates the wide ranging mechanical properties. Within this work novel anal-
ysis and data manipulation techniques were developed using acoustic atomic force
microscopy (AC-AFM) and solid state NMR, providing a greater insight into the influ-
ence of the network structure on the macroscopic elasticity. The concentration of pTM-
SPMA in the silica sol affected the gelation time, ranging from 2 h for a hybrid made
with 75 wt% inorganic with pTMSPMA at 2.5 kDa, to 1 minute for pTMSPMA with
molecular weight of 30 kDa without any TEOS. A new mechanism of gelation was
proposed based on the different morphologies derived by AC-AFM observations. The
reduced Young’s modulus measured by nanoindentation varied exclusively with the
inorganic/organic ratio : Er ∝ I2.12. The variation in the elasticity of pTMSPMA/SiO2
hybrids originated from pTMSPMA acting as a molecular spacer, as determined from
29Si MAS NMR, thus decreasing the volumetric density of bridging oxygen bonds as
the inorganic to organic ratio decreased.
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3.2 Introduction
Here the focus is including monomeric units such as 3-(trimethoxysilyl)propyl methacry-
late (TMSPMA) in radical polymerisations, which has the benefit of allowing a better
integration of alkoxysilane precursor as part of the polymer structure compared to
post-functionalization of polymers which has been shown to be sensitive to the poly-
mer used and experimental conditions. [160,161] However, little is known on the influ-
ence of the chemistry of methacrylate containing alkoxysilane polymers on the sol-gel
process, especially the effect of varying the cross-linking density. Cross-linking den-
sity can be controlled by the relative concentration of alkoxysilane radical monomer
to the other monomer units within the radical polymerisation. Most of the reports fo-
cusing on such materials used free radical polymerisation (Section 2.4 of the literature
review).
Here, the aim was to achieve a better understanding of how the physical prop-
erties of class II hybrids are influenced by the presence of high cross-linking density
polymers. In the first part of this chapter, homopolymers of TMSPMA were synthe-
sised by regulated-free radical polymerisation (r-FRP) and the polymerisation kinetics
were studied. Then, poly(TMSPMA) was used as model polymer which gives a cross-
linking density of 100% in the synthesis of class II hybrid. So far, structural studies on
hybrids synthesised with polymethacrylic were carried out with polymers having a
cross-linking density no greater than 20%. For instance, Landry and Coltrain showed
by small angle X-ray scattering (SAXS) and dynamic mechanical analysis (DMA) that
when methyl methacrylate is copolymerised with TMSPMA and added to hydrol-
ysed TEOS, phase separation did not occur and the gelation mechanism was altered,
compared to the synthesis of pure inorganic glass. [196–198] Ravarian et. al. reported a
significant acceleration in gelation with the addition of similar polymers (poly(MMA-
co-TMSPMA)) into the hydrolysed inorganic sol. [69] Thus, due to the limited infor-
mation on the effect of high cross-linking density polymers on the structure of their
resulting hybrids, great attention was payed to investigate further this relationship.
The effect of molecular weight (Mn) and inorganic to organic ratio, using tetraethyl
orthosilicate (TEOS) as an inorganic source, on the sol-gel process were investigated
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using AC-AFM, solid state NMR and nanoindentation. The morphology of the hy-
brids and the resulting effect on the mechanical properties were studied and compared
to the current assumptions and experimental models present in the literature.
3.3 Experimental conditions
3.3.1 | Polymer and hybrid synthesis
Cleaning glassware
Prior to any synthesis, the glassware was washed in an alkaline bath overnight, then
rinsed and dipped into an acid bath for 2 h and subsequently dried at 120oC for 2 h.
Synthesis of Poly(3-(trimethoxysilyl)propyl methacrylate)
Methodology:
• Polymer synthesis
3-(Trimethoxysilyl)propyl methacrylate (TMSPMA) was polymerised by free rad-
ical polymerisation, using AIBN as an initiator, in THF, at 60◦C .The average
molecular weight of the polymer was controlled by introducing thioglycerol (TG)
as a chain transfer agent and varying its concentration relative to the TMSPMA.
Thus, the molar ratio R0=
nchain tran f er agent
nmonomer varied between 0.8% to 9.9% to give a
degree of polymerisation going from 10 to 120 as detailed in the Table 3.1.
Table 3.1: Summary of the targeted Mn and their corresponding thioglycerol concentration.
Tageted Mn (kg.mol−1) DPni R0 (x10−3)
30 120 8.3
15 60 16.6
7.5 30 33.1
2.5 10 99.4
The concentration of initiator was kept constant relative to the monomer con-
centration with a molar ratio C0= ninitiatornmonomer = 1.5%. The concentration of monomer
was 1 mol L−1. In a typical synthesis, all reagents were introduced in a round
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bottom flask by mass with a 0.5 mg accuracy and the flask was sealed with a
silicon septa. Then, the polymerisation solution was bubbled with argon for 30
min to reduce the level of oxygen and left under a positive relative pressure
by removing the gas inlet last. The polymerisation was started by putting the
round bottom flask at 60◦C in a pre-warmed oil bath. The reaction was held at
60◦C for 48 h under stirring (300 rpm) after which the product was purified by
precipitation in n-hexane, 3 times, to remove all the unreacted monomers, chain
transfer agents and initiators. The polymer was stored at 4◦C in anhydrous THF
if not used on the day of purification to avoid hydrolysis and condensation of
the alkoxysilane functional group.
• Polymerisation kinetics : Determination of the transfer constant CT
The kinetic study was performed by taking aliquots of approximately 1 mL at
0.5, 1, 1.5, 2, 4, 8, 24 and 48 h in order to determine the concentration of unreacted
monomers and chain transfer agents. The solution was flushed with argon while
withdrawing the sample and the reaction was stopped by immersing the sample
in liquid nitrogen for 2 minutes. 1H NMR analysis was performed without
evaporation of the polymerisation solvent by mixing 0.1 ml of an aliquot with 0.6
ml of deuterated chloroform (CDCL3). From the acquired spectra, the monomer
conversion was calculated by comparing the integral value given by the protons
of the unreacted vinyl from the monomer, HCIS at δ5.45 and HTRANS at δ6.02, to
the singlet of 1,3,5-trioxane, Htrioxane at δ5.07, using the following equation:
% conversion = 1−
( ∫
HCIS+
∫
HTRANS∫
Htrioxane
)
t( ∫
HCIS+
∫
HTRANS∫
Htrioxane
)
t=0
Note that trioxane was used as an internal NMR reference and introduced at
molar ratio of T = ntrioxanenmonomer = 6% with all the other reagents before starting the
polymerisation. On the other hand, the concentration of the chain transfer agent,
thioglycerol, was determined by iodometric titration using starch indicator. First,
a iodine solution at 0.002 mol.L−1 was prepared from a standard solution at a
concentration of 0.05 mol.L−1 (0.1N). Starch was mixed with an aliquot at a 1:1
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volume ratio in a 20 mL Erlenmeyer flask in which iodine was added by 250 µL
up to the end point, marked by a change in colour from transparent to a deep
blue, indicating the formation of the iodine-starch complex. The concentration
of TG is finally recovered using the following equation:
[RSH]t = Vep
[I2]0
Valiquot+starch,0
Where Vep is the volume of iodine solution added to reach the end point, [I2]0 the
concentration of the iodine solution and Valiquot+starch,0 the volume after mixing
an aliquot with the starch before inserting iodine.
Synthesis of Silica-Poly(3-(Trimethoxysilyl)propyl methacry-
late) class II hybrid (pTMSPMA/SiO2)
Methodology: pTMSPMA/SiO2 was synthesised using the sol-gel process with tetraethyl
orthosilicate (TEOS) and pTMSPMA as precursors via the acidic route at room tem-
perature. First, the purified polymer was dried of THF by vacuum distillation us-
ing Buchi Rotovapor RII (Tbath=60oC, nominal pressure = 350 mbar). The mass of the
polymer was then recorded1 and pTMSPMA immediately redissolved in ethanol at
a molar ratio REthanol=
nethanol
nTMSPMA
= 6. In a separate beaker, TEOS was weighed to be
further hydrolysed. The mass of TEOS hydrolysed was calculated based on the mass
of the polymer (mpolymer) and the desired inorganic to organic mass ratio (Ih), using
the following equation (Eq. 3.1) :
Ih =
mSiO2 + mSiO1.5
mSiO2 + mSiO1.5 + mOrg
⇔
mTEOS = (
Ih
1− Ih ∗
mpolymer
Mw,TMSPMA
∗Mw,Org −
mpolymer
Mw,TMSPMA
∗Mw,SiO1.5) ∗
Mw,TEOS
Mw,SiO2
(3.1)
It must be noted that the backbone of the polymer was considered, in this equation,
as the organic part of the class II hybrid. 1M HCl and water were added to the
beaker relative to the number of alkoxy silane groups taking into account TEOS and
1The mass of the round bottom flask in which the polymer was dried was known and the mass of the
polymer was given by difference.
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pTMSPMA according to the following ratios : RHCl=
nHCl
nSiOR
= 0.01 and RH2O=
nH2O
nSiOR
= 1. However, water from HCl was subtracted from the final amount of distilled
water added. The solution was stirred at 1000 r.p.m for 30 minutes, allowing TEOS
to hydrolysed, after which the purified polymer was poured into the beaker. The
mixture was allowed to mix for 30 s and cast into PTFE containers and subsequently
sealed. After 3 days of ageing, the lids were loosened for the solvent to evaporate. Si-
pTMSPMA monoliths were considered dried when their mass appeared to be stable
on the balance.
3.3.2 | Characterisation
Liquid proton nuclear magnetic resonance (1H NMR)
Principle: 1H NMR is used for the structural characterisation of molecules soluble
in a deuterated solvent. When placed in a magnetic field B0, NMR active nuclei (non
integer spin, a proton in this case) absorb and re-emit as electromagnetic radiation at
a frequency which ideally would only depend on B0 :
ν0 =
γ
2pi
B0 (3.2)
where γ is the gyromagnetic ratio. However, protons do not exactly experience B0.
The movement of its electron in response to the field creates a magnetic field which
is opposed to B0. The intensity of this induced magnetic field is directly influenced
by the electron density which is a function of the chemical environment of the nuclei
(chemical bond, polarity, lone pair of electron etc). Thus, the local magnetic field
experienced by the proton is equal to
Blocal = B0(1− σ) (3.3)
where σ is the shielding constant, which is characteristic of the proton and its
chemical environment. Thus, the frequency the electromagnetic radiation absorbed
by the nuclei is equal to :
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νlocal = ν0(1− σ) (3.4)
Therefore, the structure of the a molecule can be evaluated by looking at its re-
sponse in frequency as each of its protons, with different chemical environments,
resonates at slightly different frequencies. In order to compare NMR spectra together,
the shift in frequency of a unknown proton is usually compared to the resonance
frequency of tetramethylsilane (νTMS) defining the chemical shift δ:
δ =
νlocal − νTMS
ν0
.106 (3.5)
In addition, the signal intensity can be analysed by integration as the area under
the curve for each proton is proportional to its population.
The chemical shift is not the only indicator used to analysis the structure of a
molecule in liquid state NMR. Nuclei possess a small magnetic field, which influence
their close neighbours, changing the absorbance frequency of the nearby nuclei, re-
sulting in a splitting of the peak of interest. This is known as spin-spin coupling.
However, it is rarely seen with polymers due to large number of conformations possi-
ble but could be used for the analysis of monomers or small molecules.
Methodology: spectra were recorded in CDCl3 using a Bruker AV-400 spectrometer
operating at 400 MHz. Spectra were then analysed using MestReNova 7.0 software.
Prior to integration and chemical shift identification, the baseline was corrected using
a built-in Whittaker algorithm and the spectra calibrated to TMS (Tetramethylsilane).
Gel permeation chromatography
Principle: During a polymerisation, the hydrodynamic radius of the polymeric chain
increases with the number of monomer added on the growing chain. Taking this prin-
cipal into account, analytical method such as gel permeation chromatography (GPC), a
type of size exclusion chromatography (SEC), can be used to separate macromolecules
like polymers by size and deduce their molecular weights and PDIs. Separation occurs
when the polymer in solution passes through a column that is packed with porous
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beads. Polymer chains permanently diffuse in and out of the pores. Small poly-
mer chains penetrate more into the pores of the column packing material than large
molecules. Consequently, large molecules elute faster from the column than small
ones. Leaving the column separated, polymer chains are then detected by detectors
which are either sensitive to concentration such as differential refractometer (DRI)
or size sensitive such as low angle light scattering (LALS). The retention time, time
at which the polymer is coming out of the column, is then compared to polymer
standards with known structure, molecular weight and PDI and relative values are
extracted.
Methodology: Molecular weight characterisation was carried out by size exclusion
chromatography using the Viscotek TDA 305 instrument (Malvern instrument, USA)
equipped with a Viscotek D6000M and D2500M columns. The TDA module was
fitting with a refractive index (RI) detector, a four bridge viscometer (VIS) and a low
and right angle laser scattering (LS) detectors. Linear polymethylmethacrylate were
applied as a standard for universal calibration. The experimental conditions consisted
of dimethylformamide with 0.075% of lithium bromide as a mobile phase flowing
at 0.7 ml.min−1, 35oC. A injection volume of 100 µL with a concentration varying
between 5 and 10 mg.mL−1 were used.
Dynamic light Scattering (DLS)
Principle: DLS is an analytical technique used to characterise the size of particles in
suspension from 1 to 500 nm. When a monochromatic light of a characteristic wave-
length λ reaches a particle smaller in diameter than λ, elastic scattering occurs. The
intensity of the scattered light is time dependent due to the Brownian movement of
these particles, constantly changing the local concentration, and therefore generat-
ing constructive and destructive interferences. From these interferences and through
an autocorrelation, the diffusion coefficient (D), or particle speed, can be estimated.
Knowing D, the hydrodynamic radius (Rh) of the particles can be calculated using the
Stokes-Einstein equation
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Rh =
kBT
6piνsD
(3.6)
Where T and νs are the temperature and the viscosity of the solvent and kB the
Boltzmann constant.
Methodology: Dynamic light scattering (DLS) was measured on a Malvern Zetasizer
(instrument 2000) instrument with a backscattering detection at 173o, equipped with
a HeNe laser (λ= 632.8 nm). Prior to any measurement the polymer particles were
sonicated and diluted with filtered tetrahydrofuran (PTFE membrane, pore size 0.2
µm) to reach a concentration of 10−7 to 10−9 particles per millilitre and placed in glass
cuvette. Means and standard deviation are given on a basis of 16 repeats.
Thermogravimetry analysis (TGA)
Principle: TGA is a method of thermal analysis consisting in measuring the variation
in mass of a sample as a function of increasing temperature, usually up to 1000oC.
Thus, the inorganic to organic weight ratio can be determined using this technique
and the combustion temperature of the polymer can be extracted.
Methodology: TGA was performed using a Netzsch sta 449 c in air. The sample was
placed in a platinium crucible and heated up to 1000oC at 10oC.min−1.
Helium pycnometry
Principle: Gas pycnometry is a technique used to characterise the bulk volumetric
mass density or skeletal density of a sample. A gas is first injected in a reference
chamber of a volume V1, with a pressure P1, which is then expanded in a second
chamber of volume V2 containing the sample of a volume VE. Thus, applying the
Boyles’s law which describes how the pressure of a gas tends to decrease as the volume
of a gas increases, the volume of the sample can be recovered.
VE = V2 −V1(P1P2 − 1) (3.7)
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Thus, if the mass (m) of the sample present in the second chamber, the skeletal
density (ρs) can be calculated.
ρs =
m
VE
(3.8)
Methodology: The skeletal density was determined by automated helium displace-
ment pycnometry (Ultrapycnometer 1000, QuantaChrome). For each sample, data
were acquired until 10 consecutive measurements were recorded with a standard de-
viation inferior to 0.03.
Acoustic-atomic force microscopy (AFM)
Principle: AFM is a type of high resolution scanning probe microscopy. When in its
acoustic mode, a small tip is oscillating at the resonance frequency of the cantilever on
which it is attached and at a fixed amplitude A0. As the tip interacts with the surface
of the sample, the oscillation amplitude of the cantilever decreases. Thus, this deflec-
tion due to a change in the topography can be measured using a laser/photodiode
sensing device, and the position of the tip can be retroactively modified to restore an
amplitude A0.
Methodology: An AFM 5500 microscope (Keysight technologies, previously Agilent)
was used for the AFM study in its acoustic mode. An HQ:NSC15/Al BS tip (µmasch)
was used for the topography and phase images (tip radius of 8 nm, resonance fre-
quency of 325 kHz, force constant of 40 N.m−1). The measurements were performed
in ambient atmosphere.
Fourier transform infrared spectroscopy (FTIR)
Principle: Two atoms which are covalently bonded vibrate relatively to each other
at a specific frequency defined by their mass and the strength of the bond. When of
different electronegativities, the shared electron(s) moves towards the most electroneg-
ative atom generating a partial negative charge (-δ), whereas the less electronegative
atom bears a partial positive charge (+δ). This difference in the partial charges creates
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an electric dipole moment, which can change in intensity or orientation upon absorp-
tion of infrared light with a wavelength equal to the resonance frequency of the bond,
resulting in an increase in its energy state. Thus, infrared spectroscopy is based on
the detection of infrared light after contact with a tested sample, over a wide range
of frequencies (series of monochromatic light or polychromatic), usually from 400 to
4000 cm−1. The frequencies at which the light was absorbed is characteristic of the
chemical structure of the molecule.
In FTIR spectroscopy, a polychromatic source of light is guided through an inter-
ferometer, encoding all its wavelengths (λ) in an interferogram which then its trans-
mitted or reflected on a sample to evaluate its chemical structure. Thus, the total
intensity recorded at the detector can be expressed as a function of the position of the
moving mirror of the interferometer and the intensity at each wavelength over the full
spectrum covered by the polychromatic source.
I(∆) =
1
2
∫ ∞
0
I(σ)(1+ cos(2piσ∆))dσ (3.9)
Where σ is the wavenumber (σ = 1λ ) and ∆ the retardation or position of the
mirror. As the spectral signal of the interferogram is symmetrical, the modulated part
of the signal of the equation 3.9 can be written as followed:
I(∆) =
1
2
∫ ∞
−∞
I(σ)(cos(2piσ∆) + isin(2piσ∆))dσ =
1
2
∫ ∞
−∞
I(σ)ei2piσ∆dσ (3.10)
Thus, the intensity as a function of wavenumber can be recovered from the inter-
ferogram by an inverse Fourier transform as
I(σ) = 2
∫ ∞
−∞
I(∆)e−i2piσ∆d∆ (3.11)
Methodology: Attenuated total reflection-FTIR (ATR-FTIR) was performed on the
purified polymer and the pTMSPMA/SiO2 hybrids using a Nicolet iS10 fitted with a
Specac MK11 Golden gate single reflection ATR module. A background was measured
before setting any sample. Spectra were recorded from 400 to 4000 cm−1 with a
resolution of 0.4 cm−1 and average over 64 scans.
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29Si magic angle spinning-solid state NMR
Principle The principle of silicon solid state MAS NMR is similar to the liquid pro-
ton NMR. However, the natural isotope of silica has a full spin, meaning that only the
less abundant isotope, 29Si, is detectable by NMR. In addition, due to the condensed
state of matter, the spin can experience a great number of interactions which are neg-
ligible in liquid NMR. The largest interaction is the quadrupolar interaction which
arises from the interaction of non-spherical symmetric nuclear electrical charge distri-
bution with an electric field gradient. This interaction has, at its first order, an angular
dependency with respect to the direction of the magnetic field of 3cos(θ)− 1. Thus,
by spinning the sample at an angle of θMAS = arccos(1
√
3) most of the quadrupole
interaction can be suppressed.
Methodology All 29Si single pulse MAS NMR measurements were performed at 7.0
T using a Varian-Chemagnetics InfinityPlus spectrometer operating at a Larmor fre-
quency of 69.62 MHz. These experiments were performed using a Bruker 7 mm HX
probe which enabled a MAS frequency of 5 KHz to be implemented. Flip angle cali-
bration was performed on kaolinite from which a pi2 pulse time of 5.5 µs duration was
measured. All measurements were undertaken with a pi2 tip angle along with a recycle
delay between excitation pulses of 240 s. All 29Si isotropic shifts were reported against
the IUPAC recommended primary reference of Me4Si (1% in CDCl3, δ 0.0 ppm), via
a kaolinite secondary reference from which the resonance exhibits a known shift of
-92.0 ppm.
Nanoindentation
Principle Nanoindentation is a depth-sensing technique, in the range of nanometers
to micrometers. A diamond tip (indenter) with a known geometry is pressed into a
sample at a fixed displacement or load rate to obtain a load-displacement curve. The
Young’s modulus and the hardness can be retrieved from this curve by applying math-
ematical models describing the mechanical behaviour of the tested materials. Further
details on the selection of such model are given later in the result and discussion
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section.
Methodology Nanoindentation measurements were performed using a NanoTest
Vantage (Micro Materials Ltd, UK) mounted with a Berkovich pyramidal tip. Prior
to measurement, samples were mounted in epoxy resin with a clearance of at least
5 mm between the bottom of the sample and the bottom of the resin. Load was ap-
plied on the sample at a rate of 5 mN.s−1 to a maximum load of 50 mN. The tip was
unloaded at a rate of 10 mN.s−1 after a dwell of 20 s, a rate of 10 mN.s−1 down to
5 mN when a final dwell for 60 s was also applied to determine the thermal drift
contribution of the indentation system to total displacement measured by a capacitive
transducer.
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3.4 Results & discussion
3.4.1 | Polymerisation of 3-(trimethoxysilyl)propyl methacry-
late via R-FRP
General observation on the polymerisation.
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Figure 3.1: 1H NMR of
poly(TMSPMA) after purifi-
cation by precipitation in
n-hexane and its structure;
b(s) and b(a) represent the
chemical shift of the methy-
lene group in a syndiotactic
and atatic, respectively.
The polymerisation of TMSPMA was successfully achieved by regulated-free rad-
ical polymerisation in THF at 60oC using AIBN as an initiator. No gelation of the
polymer (i.e. hydrolysis and condensation of the alkoxysilane group) occurred during
the polymerisation regardless of the molecular weight targeted. This was experimen-
tally verified using 1H NMR, comparing the relative integration values of the proton
from the methoxy groups Si-(OCH3) δ = 3.58 ppm to the most shielded CH2 of the
propylene chain of TMSPMA at δ = 0.65 ppm (Figure 3.1). This ratio was found to
be the same before and after polymerisation. The average molecular weight (Mn) was
regulated via radical transfer using thioglycerol as a chain transfer agent, targeting Mn
from 2.5 kDa to 30 kDa. Several studies showed that aliphatic hydroxyl terminated
thiols have a good affinity for methacrylate radicals with a good control over the
molecular weight. [195,199,200] In addition, Fernández-García et al. reported the transfer
constant ranged from 0.63 to 0.89 from the polymerisation of methyl methacrylate in
THF using thioglycerol as a chain transfer agent. [201] However, as it was described
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in the background section, the effectiveness of a chain transfer agent to control the
molecular weight of a polymer is greatly influenced by its chemical structure, the
steric hindrance of the monomer, the solvent and temperature. Therefore, the first part
of this result section will focus on the determination of the chain transfer constant CT
of this particular system, using O’Brien’s law. To do so, the kinetics of the polymeri-
sation was followed by monitoring the concentration of the monomer using 1H NMR
and the concentration of the chain transfer agent by titration of the thiol group. The
validity of the assumptions made in O’Brien’s law was verified by showing that 1) the
polymerisation of TMSPMA was occurring under stationary condition, 2) the radical
propagations were not affected by the addition of the chain transfer agent. The fact
that other transfer reactions were negligible compared to the transfer of the radical
with thioglycerol was considered to be true as the level of oxygen, principal impurity
in terms of transfer, was significantly reduced prior to any experiment by purging
the polymerisation flask with argon. To finish, the kinetic investigation was validated
by comparing estimated molecular weight obtained by NMR with chromatography
results.
Validity of assumptions : stationary condition
During a free radical polymerisation, the stationary condition is met when the concen-
tration of radical is constant over time. Thus, the number of radicals formed through
3.4. RESULTS & DISCUSSION 61
the thermolysis of the initiator is equalled to the number of radicals that died in the
polymerisation solution. It kinetically means that rate of initiation Ri = 2 f kd[I] is
equal to the rate of termination Rte = kte[R•][R•]. Therefore, within stationary state,
the concentration of radical in the polymerisation can be written the following way :
[R•] =
√
2 f kd
kte
[I] (3.12)
The decomposition of 2-azobisisobutyronitrile (AIBN) used in this project was exten-
sively studied by Tobolsky [202]. It was found that the homolysis of AIBN follows a
classic first order:
[I] = [I]0ekdt (3.13)
Thus, incorporating Eq. 3.13 & Eq. 3.12, in the propagation rate differential equation
(given in the Section 2.3) and after integration, the monomer concentration under
stationary condition can be written in the following way:
ln(
[M]0
[M]t
) = 2
kp√
kte
(
f
kd
)
1
2 [I]1/20 (1− e
−kdt
2 ) (3.14)
Therefore, to verify that the polymerisation of TMSPMA in THF at 60oC was under
stationary condition, the monomer consumption ln( [M]0
[M]t
) was followed by 1H NMR
over 48 hours and fitted with a ∗ (1− e−b∗t) as shown in Figure 3.2. The exponential
regression appeared to match the experimental data with a correlation factor R2=0.99,
which validates the postulated assumption. From the extracted coefficient, the disso-
ciation constant kd of AIBN at 60oC was calculated, giving kd=8.56 ± 0.21 10−6 s−1.
The value is in good agreement with the literature. Van Hook and Tobolsky reported
a constant of 9.15 10−6 s−1 at 60oC in toluene using the dead-end polymerisation
method. [203] In addition, with the same experimental conditions, Ng and Chee cal-
culated a decomposition constant for AIBN of 9.03 10−6 s−1 , using a similar kinetic
method as reported here. [204] Data obtained in toluene can be compared with these
obtained with THF as the decomposition of AIBN was found not to be affected by the
nature of the solvent. [205]
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Validity of assumptions : propagation rate
The stationary condition having being met, the effect of the chain transfer agent on the
propagation rate was investigated. As stated in equation 3.14, the consumption of the
monomer throughout the polymerisation is directly proportional to the propagation
rate, kp. Therefore, in case of non-interaction of the chain transfer agent, the plot of
ln( [M]0
[M]t
) against 1− e−kdt2 should be linear with a slope independent of the concentra-
tion of CTA. Figure 3.3 demonstrates that when thioglycerol was added ([SH] = 8.3
to 99 10−3 mol.L−1), the propagation rate was not altered. The slopes were calculated
with a maximum relative difference with conventional polymerisation of 3% given
2 kp√
kte
( fkd )
1
2 = 89.07 ± 1.27. In addition, all regressions were calculated with a R2 
0.993.
Determination of the chain transfer constant CT
The chain transfer constant was calculated using the O’Brien’s law [195] :
ln(
[RSH]0
[RSH]t
) = CT ln(
[M]0
[M]t
) (3.15)
As for the validation of the assumptions, the normalised monomer concentration was
calculated using 1H NMR with trioxane used as an internal reference. The concentra-
tion of thioglycerol over the length of the polymerisation was monitored by titration of
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the thiol, SH, using iodine. During the titration, thiol group RSH oxidised by reacting
with a dihalogen X2 [206].
RSH + X2 → RSX + HX (3.16)
however, the following equilibrium is reached when the reaction is carried in an aque-
ous or aprotic solvent.
RSSR + X2 ↔ 2 RSX (3.17)
Using iodine as a titrant shifts this equilibrium completely to the left.
2 RSH + I2 → RSSR + 2HI (3.18)
Therefore, the end point of the titration could be monitored by change in colour of the
solution from transparent to pale yellow due to the presence of free iodine in solution.
However, this change in colour was subtle, so starch was used as an indicator. Starch
complexes with iodine, turning the solution into an intense dark blue. In addition,
sharpening the change in colour permitted to detect the end point within one addition
of 250 µL of standard iodine solution.
Thus, the logarithm of the normalised concentration of the chain transfer agent
was plotted against the normalised concentration, varying the initial concentration
of chain transfer agent (Figure3.4). In accordance with the O’Brien’s law, the chain
transfer constant, CT, was extracted from the slope, giving in average an average
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Table 3.2: Summary of the poly(3-(trimethoxysilyl)propyl methacrylate) (pTMSPMA) char-
acterization synthesised by regulated free radical polymerisation using thioglyc-
erol as a chain transfer agent.
R0 CT MTargeteda Mn,Kineb Mn,GPCc PDIc Rh(nm)d
∫
δrr/
∫
δrm
e
0.0083 0.693 30029 43319 33059 3.86 5.05 1.81/1
0.0166 0.730 15081 20619 20138 3.28 3.25 1.70/1
0.0331 0.749 7617 10134 11001 2.24 2.09 1.63/1
0.0994 0.707 2609 3645 3612 2.02 1.16 1.49/1
a based on the initial ratio of TMSPMA to thioglycerol with a CT = 1, given in
g.mol−1, b calculated from the experimental CT, c obtained by SEC relative to PMMA
standards, given in g.mol−1, d obtained from dynamic light scattering in THF, e
Tacticity ratio, obtained from 1H NMR spectra, rr represent the syndiotactic part of
pTMSPMA where rm represents the atactic fraction.
value of CT = 0.72 ± 0.03 with R2 ≥ 0.95. Individual values are available in Table 3.2.
The value obtained for CT fell in the region allowing a good regulation of the
molecular weight with a mono-modal distribution as described in the background
section of the literature review. Pardal et al. had also reported the regulated polymeri-
sation of TMSPMA using acetonitrile as solvent at 70oC using thioethylene glycol as
a chain transfer agent. Interestingly, a good regulation was obtained with TMSPMA
(CT < 1). However, they did not report any molecular weight analysis to confirm
their kinetics results. Nevertheless, the chain transfer constant was surprisingly in
good agreement with these obtained in this work with regards to the concentration
of CTA used. The inferior polarity of THF as compared to acetonitrile (εr,MeCN=37.5
> εr,THF = 7.5) might have been counterbalanced by the superior polarity of thioglyc-
erol compared to thioethylene glycol as thioglycerol is bearing two hydroxyl groups
compared to one for thioethylene glycol.
Polymer characterisation
We have seen in the previous section that all the requirements were met to obtain a
good control over the molecular weight of TMSPMA using thioglycerol. However,
with a CT = 0.72, the average molecular weight is expected to be higher than those
initially targeted as the average degree of polymerisation is inversely proportional to
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CT (Table 3.2).
Mn = DPn =
1
CT
[M]0
[CTA]0
(3.19)
Thus, to validate the kinetics data, the molecular weight of pTMSPMA was mea-
sured using gel permeation chromatography, the result of which are summarised in
Table 3.2. Figure 3.5 shows the chromatographs obtained from the refractometer de-
tector as a function of the elution time. Regardless of the molecular weight targeted,
all distributions were found to be monomodal which corroborated the observations
made previously. The measured Mns were in good agreement with their kinetically
reevaluated estimations. The polydispersity index (PDI), characterising the span of a
polymeric distribution, increased with the molecular weight. For the smallest molecu-
lar weight with R0=0.1 and R0=0.03, PDI = 2.02 and 2.24, respectively, which is typical
of a conventional free radical polymerisation when termination occurs solely by dis-
proportionation, or radical transfer. [207] However, for R0=0.016 and R0=0.008, the PDI
exceeded 3. Two major explanations could be given to interpret this observations.
On the one hand, it is likely that with a molecular weight increase, pTMSPMA was
less stable and started to hydrolyse and cross-link from traces of water present in the
eluent during the GPC measurement. On the other hand, below R0=0.03, the concen-
tration of chain transfer agent verged on or dropped below that of the initiator. At
these concentrations of CTA, slightly more polymeric chains could be initiated than
CTA present. Thus, radical transfer was not the exclusive chain-stopping reaction and
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conventional termination was competitively taking place, broadening the molecular
weight distribution. [201] Similar PDI value was reported by Harbron et al. (PDI=3.2)
with the copolymerisation of TMSPMA and polyethyleneglycol methacrylate (94:6
molar ratio) using dodecanethiol of a chain transfer agent. [208] Unfortunately, the con-
centration of initiator was not mentioned.
The hydrodynamic radius (Rh) of pTMSPMA was also characterised using DLS
and summarised in Table 3.2. As the molecular weight increased, Rhincreased, ranging
from 1.16 nm for pTMSPMA at 2.5 kDa to 5.05 nm for pTMSPMA at 30 kDa. These
values were twice the size of poly(methyl methacrylate) for a given molecular weight,
which is supposedly due to a stereo-configuration imposed by the steric alkoxysilane
moities. [209] To verify this hypothesis, the tacticity of the polymers were assessed using
1H NMR. With methacrylic polymers, the relative orientation of adjacent units along
the chain affects the perception of the magnetic field of the methylene group, giving
different chemical shifts if the pending groups are side by side (isotactic), alternated
(syndiotactic) or randomly distributed (atactic) along the chain. Thus, as shown in
Figure 3.1, pTMSPMA exhibited a high syndiotacticity. [170] The relative integration
ratios of the atactic (δrm ≈ 1.02 ppm) and syndiotactic (δrr ≈ 0.85 ppm) are given in
Table 3.2. This implies that pTMSPMA has a high axial symmetry, where the pending
groups have alternating positions along the chain and can explain the difference in
hydrodynamic radius with poly(methyl methacrylate).
3.4.2 | Hybrid synthesis and gelation mechanism
General observation on the hybrid synthesis
Silica class II organic-inorganic hybrids were synthesised using the acid-catalysed sol-
gel process mixing hydrolysed tetraethoxyorthosilicate (TEOS) and pTMSPMA dis-
solved in ethanol (Figure 3.6). To focus on the effect of the polymer content and
molecular weight, hybrids or I100 (pure silica gel) were prepared at the same pH
(acidic sol-gel process pH ≈ 1) and with the same amount of co-solvent. A large
number of studies have shown that these two parameters have an effect on the silica
condensation, intrinsic porosity and therefore the final density of the material. [33,36].
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Figure 3.6: Schematic representing the class II hybrid synthesis using pTMSPMA and TEOS
as organic and inorganic precursor, respectively.
Thus, hybrids with different silica weight percentage were produced : 29 wt% (hy-
brids made only from pTMSPMA), 50 wt%, 75 wt% and 100 wt% (pure silica gel),
termed I29, I50, I75 and I100 respectively. The accuracy of inorganic to organic ra-
tio was confirmed by thermogravimetry and found to be within 2.5% of their target,
regardless of the composition (Figure 3.7-b).
After 1 hour of hydrolysis of the orthosilicate precursor (TEOS), the purified poly-
mer was added to the solution. The addition of pTMSPMA had a noticeable effect
on the gelation time as shown in Figure 3.7-a. I100 gelled within 3 days, which was
consistent with literature with regards of the synthesis parameter used (R ratio and
acid concentration). [33] However, when pTMSPMA was introduced, gelation time de-
creased to two hours for I75/2.5 kDa down to one minute for I29/30 kDa. The general
trend was: i) at a fixed inorganic to organic ratio the gel point varied in inverse pro-
portion to the molecular weight of the polymer ii) at a fixed molecular weight the
gelation time increased as the inorganic to organic ratio increased. A decrease in gela-
tion time has already been reported when methacrylate copolymer synthesised with
TMSPMA were used. [69,196] In those studies, methyl methacrylate was co-polymerised
with TMSPMA to reach a cross linking density of approximately 20%. At a compa-
rable Mn and inorganic to organic ratio, the gelation appeared to be 5 times slower
1the gel point was measured as described by Iler [37] : " the "gel point" is to observe when the meniscus
of a sol in a container no longer remains horizontal when the container is tilted."
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Figure 3.7: pTMSPMS/SiO2 hybrids: a) time that the sol took to gel as a function of the
molecular weight of pTMSPMA and the inorganic to organic ratio. a) Mass loss
in % obtained by thermogravitational analysis with pTMSPMA at 15 kDa
2 cm
Figure 3.8: Photograph of
class II pTMSPMA/SiO2 hy-
brids after drying.
compared to that reported here. Thus, it can be assumed that the cross-linking density
of methacrylate polymer as well as the nature of its functional group (co-monomer)
has a strong inﬂuence on the mechanism of gelation (i.e. polymerisation of the inor-
ganic phase). After ageing and drying, crack free monoliths were obtained as shown
in Figure 3.8.
pTMSPMA/SiO2 morphology and gelation mechanism
Although changes in the gel point were observed in the literature, no mechanism has
been proposed so far to explain these variations. Thus, in order to get a better un-
derstanding of the gelation mechanism, the surfaces fracture morphologies of silica
class II hybrid was analysed using acoustic atomic force microscopy (AC-AFM, also
called tapping mode), through the development of a new tool which is based on the
distribution of the cantilever phase. Shifts in phase oscillation of the cantilever de-
pend on the energy dissipated at the tip-sample region. The energy dissipation is
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Figure 3.9: Acoustic atomic force microscopy conducted on pTMSPMA/SiO2 hybrids with
pTMSPMA at 30 kDa at different inorganic to organic ratio. (a) represents the
average phase distribution over an area of 1 µm by 1 µm, (b) phase mapping
from 25 to 35o, (c) the corresponding topography.
usually characterised as a local change in stiffness, viscoelasticity or long-range in-
terfacial interactions at the nanoscale. [210–212] Figure 3.9-a shows the variation in the
phase accumulative distribution (also called Abbott-Firestone curve) averaged over a
window of 1 µm by 1 µm at different inorganic to organic ratio. With the increase
of inorganic content, the mode of the angle distribution decreased from 26.56o for I29
down to 20.18o for I100. In addition, at I29 and I100, the distributions were relatively
narrow with a full width at half maximum (FWHM) of ≈ 10o, whereas when the two
precursors were mixed together (I50 and I75) an increase of the FWHM of at least 5o
was observed. The relatively higher phase distribution observed for I29 suggests that
the silica matrix induced by pTMSPMA allowed a greater dissipation of energy at the
AFM tip-sample region, due to the reduced stiffness of the pTMSPMA compared to
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100% SiO2. Therefore, in order to localise the areas of high energy dissipation, thus
the polymer rich regions, the phase of the hybrids at different inorganic to organic
ratio was mapped only from 25 to 35o as shown in Figure 3.9-b. It is important to note
here that when displayed at a full scale, the phase was homogeneous (Appendix A,
Figure 8.1). However, over this restricted phase range, discontinuities were observed,
characterised by isolated high phase regions not exceeding 50 nm, regardless of com-
position. A homogenous mosaic composed of ≈ 18 nm none-spherical rough domains
was observed for I29. These domains were larger for I50 (77 nm) and smaller for I75
(11 nm). For I100, small regions of less than 5 nm homogeneously distributed across
the map were observed, representing 2.78% of the projected area. These observations
were not affected by the Mn of pTMSPMA, except at I50, for which average size of the
high phase regions linearly increased (R2=0.98) with the molecular weight, starting
from 40.3 for 2.5 kDa pTMSPMA up to 77 nm for 30 kDa pTMSPMA (Appendix A,
Figure 8.2).
Figure 3.9-c shows the corresponding topography of the different sample described
above. The fracture surfaces of the hybrids were found to be smooth with a average
roughness of 7.76 ± 1.8 nm (no statistical differences between the different samples).
This low roughness also validated that the change in phase was only due to local
change in chemistry of the material and not due to changes in topography.
Thus, based on the observations made, the following gelation mechanisms are pro-
posed for pTMSPMA/SiO2 class II hybrids, depending of the relative concentration of
the polymer to conventional alkoxyde precursor. At the time of addition of the poly-
mer in the hydrolysed TEOS solution, only condensed to formed dimers or cage-like
silica particles (≤ 1) had formed, which were at least an order of magnitude smaller in
diameter compared to pTMSPMA. [36] Thus, at high concentration (I29 and I50), due to
the greater size of the polymer particles, pTMSPMA formed an open polymeric mesh
by self-condensation within which (at I50) the hydrolysed tetrasilicate precursors con-
densed. The size of the mesh was directly impacted by the Mn of pTMSPMA, as
shown in the AC-AFM phase mapping. At I75, the concentration of the polymer was
not sufficient to form a polymer mesh; therefore, we assume that pTMSPMA catalysed
the formation of secondary particles, which are the product of the intercondensation
3.4. RESULTS & DISCUSSION 71
of silica branched polymer (primary particles) that forms through the reaction limited
cluster-cluster aggregation of the hydrolysed tetrasilicate precursor. [33,36]
3.4.3 | Relationship between structure and mechanical
properties
Adequate mechanical properties is key for a successful bone implant. Thus, the next
section concentrates on evaluating whether or not the mechanical properties of the
pTMSPMA/SiO2 hybrid can be tailored using pTMSPMA.
Mechanical properties by nanoindentation
Nanoindentation was used to characterise the mechanical properties of the pTMSPMA/SiO2
class II hybrids. However, and contrary to uniaxial compression, the materials need to
be modelled in order to extract mechanical values from the load-displacement curve.
Conventionally, mechanical data are extracted using the algorithm proposed by Oliver
and Pharr. [213] In this method the deformation of the tested material is considered to
be purely elastic. Upon unloading of the indenter, the material tend to recover its
original shape by pushing against the indenter. This resistivity, or stiffness (S), can
therefore be estimated as the first order differential of the force (F) upon unloading
and related to the Young’s modulus with the Hertzian theory of non-adhesive elastic
contact [214] with the following equation :
S =
dF
dh
=
2√
pi
Er
√
A (3.20)
Where h is the displacement of the indenter, Er the reduced Young’s modulus
which is linked to the Young’s modulus by the Poisson’s ratio (Er = E1−ν2 ) and A the
projected area of the tip in contact with the sample.
However, the addition of a polymeric phase in the silica matrix was proven to give
a time dependent mechanical response (e.g. viscoelastic). [215–217] The viscous flow gen-
erated by the relaxation of a viscoelastic material during the unloading of the indenter
could affect the measurement of the stiffness, S, and therefore alter the extraction of
the elastic modulus from the conventional Oliver and Pharr’s method. Thus, the ana-
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lytical method used to extract mechanical properties from the indentation data must
be selected with great care. [218]Therefore, the reduced young modulus, hardness and
the quadratic viscosity coefficient was extracted from the load-displacement curve us-
ing the Viscous-Elactic-Plastic (VEP) model, formulated by Oyen and Cook. [219] In this
model, the response to the mechanical load applied through the indenter is the sum
of a plastic hp, an elastic he and a viscous hv elements placed in series as described by
the Maxwell model. [220]
h = hv + he + hp (3.21)
Due to the geometrical profile of the Berkovick indenter (indenter used in this
project), the load-displacement relationship of each element: a spring for the elas-
tic response, a dashpot for the viscous response and a friction block for the plastic
response are quadratic: [219]
dh
dt
=
dhv
dt
+
dhe
dt
+
hp
dt
(3.22)
dh
dt
=
√
F
α3ηQ
+
1√
F
dF
dt
1
2
√
α2Er
+
1√
F
dF
dt
1
2
√
α1H
(3.23)
where F is the load applied by the indenter, Er the reduced young modulus, H the
hardness of the materials, α3ηQ is the quadratic viscosity, α1 and α2 are dimensionless
geometry parameters function of the included angle of the sharp indenter. Thus, the
mechanical properties of the pTMSPMA/SiO2 hybrids were extracted by solving the
differential equation 3.24 with regards to the experimental condition (Loading rate,
maximum load, etc). The solution was then fitted to the experimental points using a
non linear least-squares approach (details of the code is given in Appendix B).
Figure 3.10-a shows the experimental and predicted load-displacement curves ob-
tained for the pTMSPMA/SiO2 hybrids. Table 9.1 summarises the corresponding
values extracted from the VEP model from hybrids synthesised with pTMSPMA of
Mn of 15 kDa pTMSPMA (Full table available in Appendix B). All samples underwent
crack-free deformation under loading as shown by the continuous displacements of
the indenter under a constant load rate of 5 mN.s−1. [144,221] As the inorganic-organic
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Figure 3.10: a) Experimental and predicted load-displacement for the methacrylate/silica
class II hybrid synthesised with 15 kDa pTMSPMA at different inorganic to
organic ratios and b) reduced young modulus as a function of the inorganic-
organic weight percentage.
Table 3.3: Reduced Young’s modulus, Er, hardness, H, and viscoelastic factor, α3ηQ, ex-
tracted from nanoindentation data using the Viscous-Elastic-Plastic model at
different inorganic to organic ratios. pTMSPMA/SiO2 hybrids synthesised with
pTMSPMA Mn of 15 kDa. mean and standard deviation are given on a basis of
50 measurements. The Young’s modulus, E, is related to the reduced Young’s
modulus by Er = E1−ν2 , where ν is the Poisson’s ratio.
Hybrid Er (GPa) H (GPa) α3ηQ (1012 Pa.s2)
I29 1.41±0.23 0.25±0.03 8.57±1.33
I50 2.53±0.32 0.45±0.03 25.19±2.60
I75 7.35±0.98 1.32±0.05 40.89±1.65
I100 15.96±0.73 3.40±0.01 40.29±1.25
ratio increased the displacement at the maximum load decreased from 3.32 µm (for
I29) to 1.68 µm (for I100) showing an increase in stiffness as the inorganic increased.
Likewise, the reduced Young’s modulus and the hardness decreased as the organic
content decreased (Table 3.3 and Figure 3.10-b). The mechanical properties measured
had a low deviation from their mean values, showing the homogeneity in composi-
tion of the hybrid. The displacement of the indenter at the maximum load (dwell of
20 s) increased as the organic content increased, from 77 nm (for I100) to 213 nm (for
I29), corresponding to an increase in the viscoelastic response. Interestingly, the Mn
of the polymer did not have a statistical effect on the mechanical properties of the
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pTMSPMA/SiO2 hybrids (p>0.39). The scale of the indent was at least one order of
magnitude larger than the characteristic size of the polymer mesh observed by AC-
AFM (see Figure3.9), leading to a macroscopic average effect on the mechanical prop-
erties where pTMSPMA Mn did not have any significant effect. Therefore, the Young’s
modulus of the sample can be expressed as a function of the inorganic-organic ratio,
I, only :
Er ∼ I2.12 (3.24)
Mammeri et. al. performed nanodindentation on thin films made of class II
organic-inorganic hybrids using poly(MMA-co-TMSPMA) at molar ratio of TMSPMA
to MMA of 1 to 25. [215–217] Similar observations were made: as the inorganic con-
tent increased, the reduced young modulus increased, ranging from 4.10 to 17.5 GPa.
However, at a given inorganic-organic ratio the reduced young modulus reported was
greater than the values reported here. This could be due to the empirical method of
subtraction of the mechanical influence of the film subtract. [222] Recent analysis based
on the finite element method suggests that mechanical properties could be overesti-
mated using simplified contact mechanisms. [223] In addition, Wei et. al. reported lower
values of the Young’s modulus for similar compositions performing uniaxial compres-
sion strength test on monolith. [224] they also showed that the molecular weight of the
polymer had a minimal effect on the mechanical properties of the hybrids with respect
of the experimental conditions.
Investigating on the mechanical-structural relationship through
analytical spectroscopy
The Young’s modulus of pTMSPMA/SiO2 hybrids varies exclusively as function of
the inorganic to organic ratio. To get a better understanding of the origins of this me-
chanical behaviour, relationship between the structure and the mechanical properties
were investigated, using solid state magic-angle spinning nuclear magnetic resonance
(MAS-NMR) and Fourier transform infrared (FTIR) spectroscopy.
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Figure 3.11: ATR-FTIR
spectra of pTMSPMA with a
Mn of 15 kDa (polymer) be-
fore the sol-gel synthesis and
its corresponding hybrids.
From FTIR: Figure 3.11 shows the ATR-FTIR spectra from 600 cm1 to 2000 cm1 of
15 kDa pTMSPMA before the sol-gel process and its corresponding hybrids at dif-
ferent inorganic to organic ratio. The absorption of pTMSPMA can be divided into
three structural domains specific its chemical structure. [225–228] i) weak bands detected
at 1485 and 1150 cm−1 were associated to the C-H vibration of the backbone of the
polymer, α-CH3 asymmetric bending and C-H skeletal stretching, respectively. ii)
bands at 1730, 1295 and 980 cm−1 were respectively assigned to the C=O stretching,
C-C-O asymmetric stretching (AS) and C-O-C symmetric stretching of the ester group
from the methacrylate moieties. iii) the vibrations associated to the AS mode of the
alkoxy-silane group was detected at 1070 cm−1 for the Si-O-CH3 and 800 cm−1 for the
Si-C. Upon hydrolysis and condensation of the alkoxy-silane, major changes occurred,
for all compositions. Strong absorption bands characteristic of the formation of a con-
densed silica network arose, such as Si-O-Si AS mode at ≈1150 (AS2) and ≈1070 cm−1
(AS1), together with stretching of Si-OH and Si-O− related to non-bridging oxygen
species at 945 and 895 cm−1, respectively and Si-O-Si symmetric stretch at 790 cm−1.
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These spectral features increased with the inorganic to organic ratio as opposed to
those of the pTMSPMA. In addition, a significant shift from 1070 cm1 to 1030 cm1 of
the AS2 mode was observed with the decrease of the organic content in the hybrid.
Such frequency shift could be related to structural changes in the silica network. [229]
In order to analyse in more detail the origin of this vibrational shift, Fourier self-
deconvolu-tion (FSD) was performed on the collected spectra as shown in Figure 3.12.
Introduced by Kauppinen et al. [230] FSD enhances the visualisation of intrinsically
overlapped IR bands. An infrared spectrum is a superposition of discrete absorption
bands at frequencies characteristic of the resonance of the chemical groups present
in the sample. From a signal processing perspective, each of these absorption bands
can be described as the convolution of a Dirac function centred at the absorption
frequency (λ), with a lineshape function. Assuming a Lorentzian lineshape function L,
the full infrared spectrum I can be described as a series of Diracs δoriginal at absorption
frequencies as:
I(λ) = δoriginal(λ) ∗ L(λ) (3.25)
When the difference in frequency between two Diracs is smaller than the half-
width of the lineshape function, the resulting absorption bands overlap. Therefore,
these spectral features are no longer resolved in the spectrum I. The principle of
Fourier self-deconvolution is to retrieve δoriginal(λ) by deconvoluting the lineshape
function from I(λ). To do so, the interferogram (FFT−1(I(λ))) is divided by the in-
verse Fourier transform of the Lorentzian lineshape (e−2σpi∆). Thus, through a careful
selection of the linewidth (σ) of the Lorentzian function, 22 cm−1 here, overlapped
bands can be resolved. Then, to recover the position of the bands, the FSD spectrum
was fitted with gaussians using a built in script in Matlab and reconstructed (Figure
3.12-b). However, the self-deconvolution induced some distortion, meaning that the
relative intensity of two bands in the IR-FSD spectrum could not be compared. Thus,
the gaussian bands extracted from the IR-FSD were fitted against the original spec-
trum to recover their true width and amplitude, using a linear square fit, as shown in
Figure 3.12-b.
The AS2 vibrational mode of Si-O-Si could be resolved into two inherent bands at
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Figure 3.12: a) Infrared self-Fourier deconvolution (IR-FSD) and b) the deconvolution of
the original IR spectra for I50, 15 kDa. In the original IR spectrum only the
gaussian characteristic of silica absorption is displayed.
1024 ± 4 cm−1 and 1072 ± 4 cm−1 regardless of the composition. The shift of the IR
envelope around 1070 cm−1 was due to the increase in intensity of the band at 1024
cm−1 with regards to the band at 1072 cm−1 as the organic content increased in the
hybrid. However, the origin and variation of the band at 1024 cm−1 was difficult to
correlate to the structure of the silica network.
Usually, the AS2 vibrational frequency is linked to the structure of a silica glass
using the central model force developed by Thorpe and Galeener, which established
the relationship between the AS2 vibrational frequency and the dihedral Si-O-Si bond
angle, θ. [227,231–233] Thus, on the basis of the presence of a local order, a long range
disorder and a constant stretching force, the frequency, λAS2 , could be expressed with
the following equation [231,234]:
λ2 =
k
mO
(1− cos θ) + 4
3
k
mSi
(3.26)
where mO and mSi are the mass of the oxygen and silicon atoms and k the Si-O stretch-
ing force constant (572 N.m−1 at ambient pressure) [235]. Therefore, from the above
equation, the band at 1072 cm−1 corresponds to an average Si-O-Si angle of 145 ±
6o, typical of a relaxed silica network synthesised via the sol-gel process. [229,236] How-
ever, the interpretation of the band at ≈ 1020 cm−1 is less clear and disparities are
present in the literature. Kim et. al. associated the lower frequency band at ≈1020
78 CHAPTER 3
R
ed
uc
ed
 Y
ou
ng
's 
M
od
ul
us
, E
r, 
(G
Pa
)
Fit
I100
2.5kDa
7.5kDa
15kDa
30kDa
0 1 2 3 4
0
2
4
6
8
10
12
14
16
18
Area(~1070 cm−1)/Area(~1020 cm−1)
Figure 3.13: Correlation
between the Er and the rel-
ative area of the decon-
voluted bands at ≈1070
cm−1 and ≈1020 cm−1 from
pTMSPMA/SiO2 hybrids.
cm−1 with a straining of the silica network (θSi−O−Si ≈ 130o) caused by the substi-
tution of one oxygen for a methyl or a methylene bridge (for instance coming from
TMSPMA), assuming that the Si-O bond length, hence, the stretching force, remained
unchanged. [229,237,238] They attribute this variation in the bond angle to the difference
in electronegativity between carbon and oxygen atoms. However, recent mechanical
dynamic simulations suggest that the Si-O bond length increases with the organosil-
icate content, discrediting the hypothesis of a constant stretching force in the CFM
model. [239,240] Moreover, it was also suggested that the variation in Si-O-Si bond angle
were far inferior to those implied by the study by Kim et. al..
The following hypothesis is then proposed to explain why the Si-C bond can affect
the adjacent Si-O resonance: due to the higher bond length of Si-C, ≈ 1.8 Å, compared
to ≈ 1.6 Å of Si-O, the electron density at the silica atom diminishes, leading to a
reduction in the force constant and bonding strength of the adjacent oxygen, and
therefore resulting in a smaller vibrational frequency. However, this hypothesis would
require further simulation and experimental work to be validated, which is beyond the
scope of this thesis.
Although the vibrational origin of the band at 1020 cm−1 is not fully understood, it
is unequivocally the result of the present of pTMSPMA. Additionally, the area under
these bands seems to correlate to the mechanical behaviour of the pTMSPMA/SiO2
hybrids. Figure 3.13 shows the exponential decay of the Young’s modulus, function
of the ratio of the area under the bands at 1024 cm−1 and 1072 cm−1.
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Table 3.4: Detail of the chemical shifts and proportions of the different silica species, T and
Q, present in the pTMSPMA/SiO2 hybrids from the deconvolution of the one-
pulse 29Si MAS-NMR spectra. dc,Q and dc,T represent the degree of condensation
of corresponding species and Dc,total the total degree of condensation. Qn are Si
tetrahedral units with n the number of bridging oxygen bonds. Tn are Si units
with a Si-C bond and n bridging oxygen bonds.
Proportions (%) dc,T dc,Q Dc,total
Hybrid, Mn T1 T2 T3 Q2 Q3 Q4 (%) (%) (%)
I100 - - - 10.0 32.1 57.9 0 87.0 87.0
I29, 30kDa 25.1 42.9 32.0 - - - 69.0 0 69.0
I50, 30kDa 5.52 11.0 14.4 5.6 27.9 35.6 76.2 85.8 82.9
I75, 30kDa 1.2 4.0 2.6 6.8 35.8 49.7 72.9 86.6 85.6
I29, 2.5kDa 20.8 37.0 42.2 - - - 73.8 0 73.8
I50, 2.5kDa 8.6 12.3 15.3 7.8 24.7 31.2 72.8 84.1 80.1
I75, 2.5kDa 1.7 3.4 5.8 5.1 36.1 48.0 79.2 87.0 86.2
from 29Si MAS NMR Relationship between the structure and the mechanical prop-
erties of the pTMSPMA/SiO2 hybrids were also investigated using solid state magic-
angle spinning nuclear magnetic resonance (MAS-NMR). 29Si MAS-NMR was used to
quantify the number of bridging oxygen, n, that a silicon atom can have with other
surrounding silica tetrahedra. Thus, two types of bridging oxygen species were de-
tected; from silica network formed through the condensation of pTMSPMA (Tn, cen-
tred around -60 δTn ) and from the TEOS (Qn, centred around -110 δQn ). A structural
representation of the different species is given in Figure 3.14-a. Figure 3.14-b shows
the deconvoluted single pulse 29Si MAS NMR spectra of the hybrids synthesised with
pTMSPMA with Mn of 30 kDa and 2.5 kDa pTMSPMA as well as I100. The propor-
tion of Tn and Qn species are given in Table 3.4. Despite a decrease in the inorganic
content, the chemical shifts of the different Q species remained relatively unchanged
within a average deviation of 0.26 δ. Q4 units represent the fully condensed part of
the silica network derived from TEOS. According to Mauri et. al., the chemical shift
δQ4 could be linearly correlated to the Si-O-Si bond angle in vitreous silica by the
following equation when δQ4 < 120 ppm [241] :
δQ4(θ) = −93.12+ 8.66cos(θ)− 22.27cos(2θ) (3.27)
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where θ is the dihedral angle between two condensed silicon atoms. Thus, according
to this equation, the Si-O-Si bond distribution was centred around 147.4◦ with a varia-
tion in mode of 1.2◦, statistically equivalent to the average bond angle calculated from
the FTIR spectrum.
From the percentages of T and Q species obtained from deconvoluting the spectra,
the average degree of condensation of the silica network was calculated and sum-
marised in Table 3.4. Each hybrid contained Q2, Q3 and Q4 and T1, T2 and T3. The
distribution of Q structure was typical of acid catalyzed silica gel (pH < 2). [33,242,243].
The total degree of condensation Dc,total increased with the inorganic fraction from 69
% for I29 to 87 % for I100. I100 did not have a Dc,total of 100% because H+ ions act
as network modifiers, leaving Si-OH groups in the silicate structure. For I29, the fast
gelation and high tacticity of pTMSPMA is likely to have caused steric hindrance of
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Table 3.5: Skeletal density (ρs) of the pTMSPMA/SiO2 hybrids and the intermediate results
allowing the calculation the volumetric density of bridging oxygen, ρv,Si−O−Si.
NA is the Avogadro’s constant.
Hybrid, Mn ρs Polymerc ρv,Si−O−Si (Si-O-Si.cm−3.N−1A )
(g.cm3) (wt%) T Q total
I100 2.021 0 0 0.0292 0.0292
I29, 30kDa 1.360 100 0.0052 0 0.0052
I50, 30kDa 1.429 70.5 0.0043 0.0060 0.0103
I75, 30kDa 1.669 35.2 0.0024 0.0156 0.0180
I29, 2.5kDa 1.370 100 0.0056 0 0.0056
I50, 2.5kDa 1.426 70.8 0.0027 0.0059 0.0086
I75, 2.5kDa 1.601 35.4 0.0023 0.0141 0.0164
the condensation. [244] For I50 and I75, an assumption was made that the tetrasilicate
precursors co-condensed with the organo-trisilicate precursors of the polymer, caus-
ing an increase of Dc,total . This hypothesis is reinforced when looking at the partial
degree of condensation of the T species, dc,T, which also increased from 69 % for I29 to
a minimum of 72.8 % when pTMSPMA was mixed with hydrolysed TEOS. Therefore,
29Si MAS-NMR indicates that true class II hybrids were synthesised.
The degree of condensation is an important metric that has been used to corre-
late change in mechanical properties of hybrids as a function of the concentration or
type silica precursors. [245] However, the degree of condensation on its own does not
account for the spacial distribution and concentration (i.e. density) of the bridging
oxygen species which could lead to a false interpretation since the Young’s modulus
could vary as a function of the density at a fixed degree of condensation. [246] More-
over, the skeletal density of the pTMSPMA/SiO2 hybrid, ρs, was found to vary as a
function of the inorganic to organic ratio (Table 3.5). In this chapter, a new approach
is given to evaluate the combination of the two effects through a new experimental
metric : the volumetric density of the silica bridging oxygens, ρv,Si−O−Si. To calcu-
late ρv,Si−O−Si, first, the molar density (mol.cm−3) of each silica domain (polymer or
tetrasilicate) was extracted using their inherent molar mass and the polymer weight
fraction from the skeleton density (N.B. the weight fraction of the polymer is different
to the inorganic-organic ratio since it takes into account the contribution of the sub-
oxide from TMSPMA). Then, the volumetric density of Si-O-Si bonds relative to each
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Figure 3.15: Correlation
between the Er and the vol-
umetric density of bridging
oxygen for pTMSPMA/SiO2
hybrids. The fit was a linear
regression with R2=0.97.
species was estimated from their partial degree of condensation dc,T and dc,Q and the
silica molar densities. Finally, the total volumetric density was given by summation of
the above quantities. Intermediate results and ρv,Si−O−Si are given in Table 3.5.
Hence, it became clear that the initial concentration of pTMSPMA in the sol had a
noticeable effect on the final hybrid ρv,Si−O−Si, which varied from 5.2x10−3 cm−3.N−1A
for I29 up to 29x10−3 cm−3.N−1A . This suggests that methacrylate polymers with a high
degree of cross-linking, such as pTMSPMA, acts as spacers in the silica matrix, and
therefore lowering the density of bridging oxygens as its concentration increases in
the hybrid. A linear interdependence was found to exist between Er and ρv,Si−O−Si as
shown in Figure 3.15. This decrease in volumetric density of bridging oxygens could
therefore explain the decline in the Er when the inorganic to organic ratio decreased.
This enables properties to be tailored to application.
3.5 Conclusion
It is clear from the data presented here that class II silica hybrids are a unique class of
material, different to conventional composites. The first part of this chapter demon-
strated that TMSPMA could be effectively polymerised by regulated-free radical poly-
merisation. The resulting polymer were used to synthesise class II hybrid, affecting
greatly the sol-gel process. Characterisation techniques were adapted to the intrinsic
nature of the relationship between the organic and inorganic phase through the de-
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velopment of new tools, such as these developed here. A new gelation mechanism
for hybrid sols with polymer of high cross-linking density was proposed based on
morphology of the resulting hybrids using acoustic atomic force microscopy. Nanoin-
dentation revealed that the mode of deformation was a function of the inorganic to
organic ratio. Thus, hybrids require analytical methods that take into account these
changes in properties, such as the VEP model. Variation in the elasticity of the hybrids
were a direct consequence of the addition of pTMSPMA, which acts as a bridging oxy-
gen spacer, lowering ρv,Si−O−Si. Thus, control of the mechanical properties of class II
silica hybrid can be obtained by varying the inorganic to organic ratio while Mn had
no effect. Though a better understanding of the relationship between the organic and
inorganic components, the properties of class II hybrids could fulfil their potential of
materials with highly tailorable properties. In the next chapter, the biological perfor-
mances of the hybrid synthesised in this chapter will be assessed.

CHAPTER4
Dissolution and biological response of
pTMSPMA/SiO2 Class II hybrid
"Dans la vie, rien n’est à craindre, tout est à comprendre."
∴
"Nothing in life is to be feared, it is only to be understood."
- Marie Curie
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4.1 Chapter summary
Engineering a scaffold for tissue repair that fulfils all the requirements of an ideal
material is a real challenge. Bioglass R© was the first material capable of bonding with
bone without fibrous encapsulation, and fulfils some of the criteria of an ideal syn-
thetic bone graft. However, it is brittle and toughness is needed. Here, we investigated
hybrids consisting of co-networks of high cross-linking density polymethacrylic and
silica (class II hybrid) as a potential new generation of bone implant materials. Poly(3-
(methoxysilyl)propyl methacrylate) (pTMSPMA) and tetraethyl orthosilicate (TEOS)
were used as sol-gel precursors and hybrids were synthesised at different inorganic
to organic ratios (Ih). The hybrids were nanoporous, with specific surface areas above
100 m2.g−1 for all compositions containing TEOS. At Ih=50%, the surface area can be
tailored by varying the molecular weight of pTMSPMA, impacting directly the release
of soluble silica. Covalent bonding between components was shown to be the key to
increase toughness, with strain to failure increasing up to 14.2%, for Ih=50% using a
polymer of 30 kDa, compared to 4.5% for pure glass. Additionally, the modulus of
toughness UT increased from 0.73 (pure glass) to 2.64 GPa. Although, the hybrid syn-
thesised in this report did not contain calcium, pTMSPM/SiO2 hybrid was found to
nucleate bone-like mineral on its surface after 1 week of immersion in simulated body
fluid (SBF), where pure silica sol-gel glass did not. This increase in apatite forming
ability was due to the ion-dipole complexation of calcium with the ester moieties of the
polymer that were exposed after release of soluble silica from TEOS. No adverse cy-
totoxicity for MC3T3 osteoblast-like cells was detected and better cell attachment was
observed for pTMSPM/SiO2 as compared to I100. Thus, pTMSPMA/SiO2 present a
real potential for the regeneration of hard tissue as they overcome the major draw-
backs of pure inorganic substrate while retaining advantageous biological response.
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4.2 Introduction
The aim of the study is to assess whether the shortfall in mechanical properties of pure
inorganic scaffold can be overcome through the synthesis of sol-gel silicate class II hy-
brids. [12,33,44] With nanoscale co-networks of inorganic and organic components and
covalent bonds between the silica networks, hybrids can potentially benefit from the
release of soluble silica, stimulating bone repair, whilst maintaining suitable mechan-
ical properties due to the molecular reinforcement provided by the polymer. [44] Addi-
tionally, and as opposed to conventional composite, this strategy can allow congruent
degradation of the inorganic and organic matrices. [45,143,161] Methacrylate based poly-
mers present several benefits for the synthesis of silica class II sol-gel hybrids as they
can be designed with a variety of chemical groups (including alkoxysilane moieties
that provide coupling sites for the silica network), structures and morphologies. [247] In
addition, the cross-linking density (ability of a polymer molecule to covalently bond
the silica network) can be controlled independently of the molecular mass of the poly-
mer.
Previous work on silica class II hybrids based on polymethacrylate, for bone re-
generation, featured random co-polymers synthesised with 3-(trimethoxy silyl) propyl
methacrylate (TMSPMA) and methyl methacrylate (MMA) or 2-hydroxyethyl methacry-
late (HEMA) [46,69–77]. In these reports, the cross-linking density (molar percentage of
TMSPMA in the polymer) did not exceed 20% and hybrids contained calcium salts as
a promoter of bioactivity. Ravarian et. al. reported mechanical properties with three
orders of magnitude lower Young’s modulus for hybrids made with poly(TMSPMA-
co-MMA) with consistent inorganic to organic weight ratio compared to Lee et al.. [69,70]
Many of the reports are missing polymer characterisation (molecular weight and struc-
ture). Thus, scatter in properties data may originate from a significant variation in the
polymer chemistry, which might affect its interaction and interpenetration with the
silica matrix.
Here, we developed a comprehensive approach where a high cross-linking density
polymer, homopolymer of TMSPMA, was used as an organic source for silicate class
II hybrids to investigate structure-property relationships. The aim was to determine
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the effect of the molecular weight (MW) of the polymer on the mesoporosity and
silica release rate in buffered media, to select an optimal composition in terms of
delivery of soluble silica. The potential of pTMSPMA/SiO2 hybrid was evaluated via
compression test, calcium-phosphate nucleation ability was assessed in SBF and cell
viability determined in compliance with the ISO 10993-5.
4.3 Experimental condition
Poly(3-(methoxysilyl)propyl methacrylate) (pTMSPMA) and its class II hybrids were
synthesised following experimental procedures detailed in Chapter 3. Please refer to
the experimental part for more details.
4.3.1 | Characterisation
In this chapter, FTIR and DLS were used to characterise pTMSPMA and its corre-
sponding hybrids. For details on the principle and methodology regarding this two
analytical techniques please refer to the experimental part of the chapter 3.
Specific surface area by gas adsorption:
Principle: The specific surface area of the solid can be evaluated by physical sorption
of a gas on its surface. Gases can physically adsorb on solids through weak interac-
tion forces (van der Waals forces) when close to the gas condensation temperature.
Brunauer, Emmett and Teller generalised the Langmuir’s theory on the monomolecu-
lar to multimolecular adsorption resulting in the BET equation. [248]
1
Va( P0P − 1)
=
C− 1
VmC
.
P
P0
+
1
VmC
(4.1)
Where P and P0 are the partial and saturated pression of the adsorbate, Va the
volume of gas adsorbed at room temperature and pressure, Vm the volume of gas
adsorbed to form a monolayer on a solid and C is a dimensionless constant function
of the enthalpy of adsorption of the adsorbate gas on the solid. From this equation, it
is possible to retrieve the volume of gas adsorbed corresponding to a monomolecular
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layer on the surface, which, knowing the mass of sample tested, can be related to its
surface area. The determination is usually carried out at boiling point of nitrogen, 77
K. The amount of gas adsorbed can be measured by a volumetric or continuous flow
procedure.
Methodology: Nitrogen sorption was used to determine the surface area of the hy-
brid (Autosorb AS1, QuantaChrome). Samples were degassed at 150◦C for 8 h before
analysis (Degasser, Quantachrome). Specific surface areas were calculated using the
BET equation applied to the first 11 points on the adsorption branch of the isotherm,
giving an R2 >0.999.
Mechanical compression:
Principle: Uniaxial compression is an effective way to evaluate the response of a
material under mechanical stress. In order to withstand loads, materials tend to de-
form. The mechanical response can be determined by plotting a stress-strain curve,
where the stress is the ratio of the force to the area across which the force is applied,
and the strain the relative deformation of the sample. If a material follows Hooke’s
law, the stress varies linearly with the strain, often referred as the elastic region. The
Young’s modulus (E) is defined as the slope of the elastic deformation. Under this
regime, materials gain back their original shapes when the load is removed. After
being deformed elastically, failure (brittle) or plastically deformation (ductile) can oc-
cur. Beyond the yield point, the deformation is permanent and the sample does not
recover in shape when the load is removed.
Methodology: Uni-axial compression tests were performed on cylindrical shaped
monolith (diameter = 10 mm, height = 10 mm) following the British standard EN
658-2:2002. Tests were performed on a Zwick 1474 fitted with a 100 kN load cell at
a constant strain rate, 10 mm.min−1, until failure. The Young’s Modulus, maximum
strength and strain to failure were determined from 5 repeats.
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Table 4.1: Ion concentrations, given in mM, in SBF and human blood plasma
Ion SBF Human blood plasma
Na+ 142.0 142.0
K+ 5.0 5.0
Mg2+ 1.5 1.5
Ca2+ 2.5 2.5
Cl− 147.8 103.0
HCO−3 4.2 27.0
HPO2−4 1.0 1.0
SO2−4 0.5 0.072
Protein - +
Vitamin - +
Dissolution test:
Principle:
• Dissolution: Upon immersion in aqueous medium at physiological pH (7.35),
sol-gel glasses degrade, releasing soluble silica and other ions depending on
their initial compositions. Here, buffer solution (tris(hydroxymethyl)aminomethane,
(TRIS) 5 mM) was used to evaluate the influence of the hybrid structure onto
the release of soluble silica and simulated body fluid (SBF), solution mimicking
the ionic strength of human blood plasma, was used to investigate if calcium-
phosphate crystal could be nucleated on its surface. In order to monitor the
concentration profile of each ions present in SBF or TRIS, inductively coupled
plasma - optical emission spectroscopy (ICP-OES) was used
• inductively coupled plasma - optical emission spectroscopy: This method con-
sists of determining the elemental concentration of a solution by nebulising it
into a plasma where every atoms is ionised. Upon relaxation towards their
fundamental state, photons are emitted with an energy (e.g. wavelength) char-
acteristic of their associated element. The intensity of the light emitted for an
element is directly proportional to its concentration. Thus, by comparison with
a known solution, the concentration of an element can be retrieved.
4.3. EXPERIMENTAL CONDITION 91
Methodology: pTMSPM/SiO2 hybrids were immersed in media (simulated body
fluid (SBF, Table 4.1) or 5 mM TRIS-HCl buffer solution) using a ratio of 75 mg glass
to 50 mL of media in an airtight polyethylene container. [193] Dissolution vessels were
placed in an incubating orbital shaker held at 37◦C, agitated at 120 rpm. The pH and
temperature of the media were verified before use. The samples were incubated for 4
h, 8 h, 24 h, 72 h, 1 week and 2 weeks. At the end of each time period, the sample was
removed from the incubator and the solids were collected by filtration (particle reten-
tion 5-13 µm). The powder was immediately washed with DI water and subsequently
with acetone to terminate any reaction. Each sample was run in triplicate. The filtered
solution was collected to determine the ion concentrations using ICP; the pH of the
solution was also measured. The same protocol was applied to the media alone as a
control. Elemental concentrations in solution were measured with a Thermo Scientific
iCAP 6300 Duo inductively coupled plasma-optical emission spectrometer (ICP-OES)
with auto sampler. Sample solutions were prepared by diluting the samples by a fac-
tor of 10 with analytical grade 2 M HNO3. Mixed standards of silicon, phosphorus,
calcium, sodium and potassium were prepared at 0, 2, 5, 20 and 40 µg.mL−1 for the
calibration curve. Silicon and phosphorus were measured in the axial direction of the
plasma flame whereas calcium, sodium and potassium were measured in the radial
direction.
X-ray powder diffraction:
Principle: X-ray diffraction is an analytical method, which allows the characterisa-
tion of crystalline materials. The X-ray wavelengths (λ) are approximately in the order
of the interatomic spacing (d), leading to interference phenomena when the waves en-
counter a crystalline lattice. Depending of the relative angle between the lattice and
the incident ray (θ), the interferences can be constructive or destructive. The directions
in which constructive interferences are obtained are called diffraction peaks and can
be determined by the Bragg law :
2d.sin(θ) = n.λ (4.2)
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where n is an integer representing the order of reflexion. Thus, crystals can be
identified by their diffraction pattern where the plane of the crystal lattice would give
a peak (Miller indices). In some cases, amorphous materials can also be seen by X-ray
diffraction through the diffusion of the incident light.
Methodology: X-ray diffraction (XRD) patterns were recorded before and after im-
mersion in SBF using a Panalytical X’pert Pro MPD. The radiation source was a Ni
filtered Cuκα. Diffraction was measured continuously from 6 to 70◦ 2θ, with a step
size of 0.026◦ and a time per step of 100 seconds.
Scanning electron microscopy:
Principle: Scanning electron microscopy (SEM) is an imaging technique based on
the interaction of an electron beam with a sample. Upon interaction, a low energy
secondary electron is generated which can be accelerated and detected. The intensity
of the signal detected is a function of the nature of the material and its topography.
Thus, it is possible by scanning the the sample to reconstruct an image representing
its surface profile.
methodology: Field emission gun scanning electron microscopy (FEG-SEM) was per-
formed on a Leo 1525 with Gemini column fitted using a gun voltage of 5 kV for sec-
ondary electron imaging with a working distance of 6-13 mm. Samples were prepared
by mounting them on double sided carbon tape and coating with chromium.
ζ-potential:
principle: ζ-potential is a measure of the electrical potential in the interfacial double
layer of materials in a solution of known ionic strength. Under an applied electric
field, a charged particle in suspension moves towards one of the electrode. Thus, the
velocity of a particle can be correlated to its charge by the Henry equation :
UE =
2εζ f (κa)
3η
(4.3)
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where UE is the velocity of the particle, ε and η the dielectric constant and the
viscosity of the solvent, f (κa) the Henry’s Function and ζ the zeta potential. The
velocity of the particle is given by dynamic light scattering described in the previous
chapter.
methodology: DLS was measured on a Malvern Zetasizer (instrument 2000) instru-
ment with a backscattering detection at 173o, equipped with a HeNe laser (λ= 632.8
nm). Prior to any measurement the polymer particles were sonicated and diluted with
filtered THF (PTFE membrane, pore size 0.2 µm). Means and standard deviation are
given on a basis of 16 repeats. Zeta potential measurement of the hybrids were car-
ried out on the same machine in PBS, 7.4 pH. Hydrodynamic radius of pTMSPMA
was recorded in THF.
Cell viability: (Carried out by Dr. Siwei Li)
Principle: Cell viability can be evaluated using an MTT assay. MTT assay is one of
the first developed cell-based assays that are often used to determine if the test com-
pound/molecules have effects on cellular proliferation and/or show cytotoxic effects
that eventually lead to cell death. [249] This colorimetric assay is based on the reduction
of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) into formazan.
Viable cells with active metabolism convert MTT into purple coloured formazan prod-
ucts with an absorbance maximum near 570 nm. The quantity of formazan formation
is directly proportional to the number of viable cells. When cells die, they lose the
ability to convert MTT into formazan, thus the colour formation serves as a useful
and convenient marker of viable cells. Although the exact cellular mechanism of MTT
tetrazolium reduction remains unclear, nicotinamide adenine dinucleotide (NADH)
or similar mitochondrial enzymes are likely involved, thus leading to the assumption
that MTT assay is a measure of cellular mitochondrial metabolic activity. [250,251]
Methodology:
• In vitro cell culture :
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MC3T3-E1 preosteoblast cell line (ATCC, UK) was expanded in monolayer cul-
tures in basal α-MEM supplemented with 10% (v/v) FCS (foetal calf serum), 100
unit.ml−1 penicillin and 100 µg.ml−1 streptomycin. Cultures were maintained in
humidified atmosphere at 37oC, 5% CO2 and 21% O2. Cells were passaged upon
confluence using 500 µg/ml trypsin-EDTA (ethylene diamine tetra-acetic acid).
• Cytotoxicity
Potential in vitro cytotoxicity effects of pTMSPMA/SiO2 and I100 on MC3T3-E1
cells were assessed in accordance to ISO 10993-5 and ISO 10993-12. [252,253] Dis-
solution products released by the samples (0.2 g.ml−1 in α-MEM at 37oC) over
a 72-hour period were prepared. Medical grade polyethylene (PE) was used as
negative control (non-cytotoxic) and poly urethane (PU) containing 0.1% (w/w)
zinc diethyldithiocarbamate (ZDEC) was used as positive control (provides re-
producible cytotoxic response). The dissolution products were filter sterilised
and, dilution series (25%, 50%, 75% and 100%) were prepared and supplemented
with 10% (v/v) FCS prior to use in cell viability assays.
Cell viability was assessed by a calorimetric cell metabolic activity assay based
on the conversion of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT) into formazan. MC3T3-E1 cells were seeded on 96-well plates at
1.104 cells per well and left to grow in basal α-MEM for 24 hours until a sub-
confluent monolayer was formed. The culture media was removed and, MC3T3-
E1 cells were then incubated with fresh basal α-MEM, the dissolution products
of the tested materials or the controls (100 µl/well) for further 24 hours. The
culture media was removed and then MTT diluted in serum-free α-MEM at a
concentration of 1 mg/ml was added (50 µl/well). Following an incubation pe-
riod of 2 hours, the MTT solution was removed and each well was filled with 100
µl isopropanol and shaken briefly to dissolve the formazan derivatives. The op-
tical density was measured spectrophotometrically at 570 nm using a microplate
reader (SpectraMax M5).
• Cell culture on pTMSPMA/SiO2 and I100 disks:
For cell attachment studies, pTMSPMA/SIO2 and I100 disks (approximately
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5x5x1 mm3) were sterilised with 70% ethanol for 1 minute. Following wash-
ing with PBS, each sample was placed in serum-free α-MEM for 30 minutes
prior to cell seeding. Monolayer expanded MC3T3-E1 cells were harvested and
suspended in basal α-MEM at a concentration 1.105 cells.ml−1. 10 µl of cell sus-
pension was seeded onto each pTMSPMA/SiO2 and I100 disk and, incubated
in humidified atmosphere at 37oC, 5% CO2 and 21% O2 for 2 hours. Each cell-
seeded disk was then submerged in fresh basal α-MEM and cultured for further
24 hours.
• Immunohistochemistry staining
Cell-seeded disks were fixed with 4% paraformaldehyde (PFA) and used for
immunohistochemical analysis of cell attachment. Following permeabilisation
with buffered 0.5% Triton X-100 in PBS (300 mM sucrose, 50 mM NaCl, 3 mM
MgCl2, 20 mM Hepes and pH 7.2) and blocking with 10 mg.ml−1 BSA in PBS,
samples were incubated with antybodies at 4oC for 1 hour. Negative controls
(omission of the primary antisera) were performed in all immunohistochemistry
procedures. F-actin was labelled using CytoPainter F-actin staining kit (Ab-
cam, Cambridge, UK) following the manufacture’s instruction. Briefly, Alexa
Fluor 568-conjugated phalloidin (1:1000 dilution in labelling buffer) was added
simultaneously with the secondary antibody during the incubation period. All
samples were counter-stained with DAPI (0.1 µg.ml−1 in PBS), staining DNA.
The samples were imaged under confocal microscopy (Leica SP5 MP laser scan-
ning confocal microscope and software, Leica Microsystems, Wetzlar, Germany).
Cells were also imaged by SEM after dehydratation using hexamethyldisilazane
(HMDS). For protocol, refer to the dedicated section above.
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4.4 Results & Discussion
4.4.1 | Polymers and hybrids synthesis
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Figure 4.1: Hydrodynamic
radius of pTMSPMA at dif-
ferent Mn measured by dy-
namic light scattering in
THF at 25◦C
Poly(3-(methoxysilyl)propyl methacrylate) (pTMSPMA) and its corresponding sil-
ica class II hybrids were synthesised as described in Chapter 3. Briefly, pTMSPMA
was synthesised via regulated-free radical polymerisation, targeting average molec-
ular weights (Mn) of 2.5, 7.5, 15 and 30 kDa, using thioglycerol as a chain transfer
agent. [254,255] The Mn of pTMSPMA was tailored such that it could pass through a
kidney and avoid accumulation in the liver if it was incorporated into a degradable
hybrid. [20] pTMSPMA was therefore synthesised with a cut off in Mn of 30 kDa to
potentially have a hydrodynamic radius under the renal threefold of 8 nm. [209] These
requirements were met as shown by dynamic light scattering with Rh= 5.05 nm for
pTMSPMA at 30 kDa and lower radius for polymers with a smaller Mn (Figure 6.7).
As for the polymer synthesised in the previous chapter, the structure of pTMSPMA
was evaluated by 1H NMR, which was conducted after purification. No signs of hy-
drolysis of the alkoxysilane groups was observed. After purification and redispersion
in ethanol, pTMSPMA was used as the organic precursor for the synthesis of class II
hybrids. Thus, the polymeric solution was added to a solution of hydrolysed tetraethyl
orthosilicate (TEOS) at different concentrations to aim at inorganic to organic ratios of
29% (only the polymer); 50% and 75%, later called I29, I50, I75 respectively. A control,
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Figure 4.2: a) Isotherm obtained via nitrogen sorption at I50 with pTMSPMA ranging from
2.5 kDa to 30 kDa b) specific surface area of the hybrids as a function of
pTMSPMA Mn and inorganic to organic ratio (I50).
I100, consisting of a pure silica gel, was also synthesised under the same experimental
conditions (pH, water content, ethanol content).
4.4.2 | Porosity and silica release: effect of the pTM-
SPMA molecular weight
Soluble silica is an important element for bone regeneration. [256–259] When osteopro-
genic and mature bone cells are exposed to soluble silica, the expression of collagen
type I increases significantly along with the expression of growth factors responsible
for vascularisation. The dissolution of silicate based bioactive glasses also caused the
up-regulation of seven families of genes in primary human osteoblasts, promoting
bone growth. [28] Thus, it is important to understand the influence that pTMSPMA has
on the release of soluble silica when placed in media.
With pure sol-gel glasses made via the acid catalysed route, the release of soluble
silica is primarily driven by their high surface area, which favours the interaction with
the medium. [41,260] Thus, it is important to evaluate whether or not the mesoporosity
and high surface area were preserved with the addition of pTMSPMA. The effect of
inorganic to organic ratio and Mn on the specific surface area of the hybrids were eval-
uated by nitrogen sportion. Regardless of the compositions, the isotherms exhibited
a type I physiosorption, typical of microporous (pore size < 2nm) solids, as shown in
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Figure 4.2-a. [261] However, at 50 wt% inorganic to organic ratio, the total volume of
nitrogen absorbed on the sample decreased as the molecular weight decreased. In ad-
dition, very little gas was absorbed on the samples that did not contained any TEOS.
Thus, the mesoporosity may only originate from the condensation of TEOS within the
polymer mesh observed by AFM in Chapter 3. It is likely that at I50, the uptake of
adsorbate was governed by the accessible micropores volume rather than the internal
surface area. This lack of interconnectivity between the pores was reflected in the
specific surface area. Figure 4.2-b shows the effect of the molecular weight of pTM-
SPMA on the SSA at different inorganic to organic ratios. At I75, the molecular weight
did not have any effect on the SSA with values close to the pure silica gel, SSAI100=
457 m2.g−1. However and as expected, the surface area decreased as the molecular
weight decreased for 50 wt% inorganic to organic ratio, ranging from SSAI50,2.5kDa=
117 m2.g−1 to SSAI50,30kDa= 450 m2.g−1. At I29, due to the little gas absorbed on the
samples, the calculated surface areas were under the detection limit of 1 m2.g−1, con-
firming that these hybrids were not porous. [262,263] The pore size distributions of the
different samples were also evaluated from the desorption branches of the nitrogen
sorption isotherms using the BJH method. All samples at an inorganic to organic ratio
above 29 wt%, monodisperse distributions were observed with modes at 1.2 nm. [264]
In order to evaluate if these variations in the specific surface area could be corre-
lated with the release of soluble silica, hybrids were immersed in a 5 mM TRIS pH 7.35
aqueous solution over a period of 3 days as shown in Figure 4.3. The silica release
profile obtained for I100, pure silica glass, was plotted as a control. I100 showed a
steady increase in Si level over the period of soaking, reaching 39.1±3.9 µg.mL−1 after
3 days. With hybrids at 75% inorganic, pTMSPMA did not have any statistical effect
on the release of silica with profiles and concentrations equivalent to the pure silica
gel, I100. At I50, similar observations regarding the trends could be made with the
level of silica steadily increasing with time. However, the level of silica reached at 3
days was found to be dependant of the Mn of pTMSPMA. The larger the Mn the more
the release with values ranging from 17.5±0.6 up to 33.6±1.5 µg.mL−1. In addition,
a linear correlation between the specific surface area and [Si]I50,3d was observed (R2=
0.97), as shown in Figure 4.4. At I29, hybrids did not show any sign of mesoporosity
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Figure 4.3: Silicon concen-
tration profiles upon immer-
sion of pTMSPMA/SiO2 hy-
brid in 5 mM TRIS solution
buffered at pH 7.35 over 3
days. Each plot represent
an inorganic to organic ratio
with I100 plotted as a con-
trol.
and only 1.73±0.35 µg.mL−1 of silica was released in solution, value close to the 1
µg.mL−1 detection limit of the ICP-OES.
According to the analysis made on the morphology of pTMSPMA/SiO2 hybrids in
Chapter 3, the molecular weight of pTMSPMA has a considerable effect on the gelation
mechanism. The gelation of the hybrid sol is due to the entanglement of pTMSPMA
through its self-condensation, forming a polymer mesh in which TEOS condenses.
The interspacing of these meshes was dependent on Mn of the polymer with the
mesh size decreasing as Mn decreased. Hence, as demonstrated by nitrogen sorption,
the interconnnectivity of these TEOS condensed particles, at I50, decreased as the
molecular weight decreased, affecting the release of silica. However, all composition
above 29 wt% inorganic content released silica at a therapeutic level, which is really
promising regarding its use as a bone implant. [29]
100 CHAPTER 4
0 100 200 300 400 500
10
15
20
25
30
35
40
[S
i]
 (
μg
.m
L
−
1 )
Specific surface area, SSA, (m2.g−1)
Figure 4.4: Correlation be-
tween the concentration of
silica after 3 days of immer-
sion in 5 mM TRIS and the
surface area of the hybrid at
50 wt% inorganic to organic
ratio
4.4.3 | Mechanical relevance of pTMSPMA/SiO2 hybrid
as an implant for bone regeneration
One of the requirement that a scaffold must fulfil to be used as a regenerative implants
is to bring adequate mechanical support during healing. [12] However, hard tissues like
bones are complex with mechanical properties, strongly depending on its type (i.e
trabecular or cortical) and the gender and age of the patient. [265–267] For instance, the
Young’s modulus of a humerus can go from 1.1 to 448 MPa and 0.03 to 6.3 MPa in
compressive strength, whereas a proximal femur reaches between 58 to 2248 MPa and
0.98 to 22.5 MPa in Young’s modulus and compressive strength, respectively. These
two examples are representative of the disparity between a non-load bearing and a
load bearing bone in response to a compressive stress.
Thus, it is important to determine if the hybrids synthesised in this project have
the adequate strength to be used as bone implants. The reduced Young’s modulus,
previously determined by nanoindentation, of pTMSPMA/SiO2 hybrids increased as
a function of the inorganic to organic ratio from 1.41±0.23 GPa for I29 to 7.35±0.98
GPa for I75 (Chapter 3). These values reflect the properties of bulk materials and are
not representative of a functional implant which must be macro-porous. Mahony et
al. [45] showed that for silica-gelatin hybrids, the mechanical properties of open porous
foams could be predicted, from monolithic data, by applying cellular solid theory. [268]
Hence, the Young’s modulus of an open-porous scaffold (Es) could be expressed as a
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Table 4.2: Summary of the mechanical properties of BG, I100 and the pTMSPMA/SiO2
hybrid (I50, 30 kDa) in uniaxial compression. E is the Young’s modulus and
UT the modulus of toughness. The properties in compression of trabecular and
cortical bones are given as a comparison. [5–7]
Entry Yield strength Ultimate strength
E (GPa) UT (GPa) Stress (MPa) Strain (%) Stress (MPa) Strain (%)
Cortical bone 7-30 0.5-1.5 0.5-1 100-230 100-230 1-3
Spongy bone 0.5-0.05 - - - 2-12 5-7
BG 10.56±2.30 0.73 - - 345.8 4.2
I100 7.97±1.59 0.48 - - 210.2 4.9
hybrid 3.14±0.41 2.64 129.9 5.2 301.3 14.2
function of elastic modulus of the bulk (Eb) by the following equation:
Es = Eb(
ρb
ρs
)2
Where ρbρs represents the relative density of the scaffold and the bulk. Thus, by tar-
geting a porosity ranging from 50 to 90%, similar to the apparent porosity of trabecular
bone, hybrids made with an inorganic to organic ratio of 50% would be mechanically
the most suited for defect repairs in non-load bearing bones, with Young’s modulus
ranging from 25.3 (90% porosity) up to 632.5 MPa (50% porosity), which is similar
to cancellous bone. Unfortunately, no hybrids synthesised with pTMSPMA have an
elastic modulus high enough to target the repair of load bearing bone.
Therefore, based on the extrapolation of the mechanical properties and the release
of silica in TRIS, pTMSPMA/SiO2 hybrid with an inorganic to organic weight ratio of
50%, and pTMSPMA at 30 kDa was selected for further investigation.
4.4.4 | In vitro performances of pTMSPMA/SiO2 hybrid
Here, a series of experiments were carried out to evaluate if pTMSPMA/SiO2 hybrid
has the potential to be used as implant for trabecular regeneration in terms of me-
chanical properties, apatite nucleation and cellular response. The results obtained for
hybrid were compared with I100 and the gold standard Bioglass.
102 CHAPTER 4
0 2 4 6 8 10 12 14 16
0
50
100
150
200
250
300
350
Strain, ∆L (%)
C
om
pr
es
si
ve
 s
tr
es
s,
 P
 (
M
P
a)
45S5
Cortical bone
Trabecular bone
pTMSPMA/SiO2
I100
Figure 4.5: Stress-Strain
curves obtained via uniaxial
compression of BG, I100 and
pTMSPMA hybrid (I50, 30
kDa) at a fixed rate of de-
formation of 10 mm.min−1.
The pale grey and dark grey
regions represent the range
of mechanical properties of
cortical and trabecular bone.
Uniaxial compression
Nanoindentation was used in the previous chapter to characterised mechanically the
pTMSPMA/SiO2 hybrids. However, this technique has its limitations by only giving
the reduced Young’s modulus and the hardness. One key mechanical feature that
cannot be determined by nanoindentation is the ultimate strength of the tested ma-
terial, which is the maximum stress that it can withstand before failure. Thus, the
ultimate strength of BG, I100 and pTMSPMA/SiO2, along with their Young’s modu-
lus and modulus of toughness, were determined by uniaxial compression complying
with the requirement of the British standard EN 658-2:2002, using cylindrical 10x10
mm samples (Figure 6.11). For pure inorganic samples (I100 and Bioglass), an elastic
deformation followed by a brittle failure was observed. Upon compression above 100
MPa, small cracks along the direction of the load appeared and propagated, leading
to brittle failure at low strain of 4.5±1.2 % (Table 4.2). Bioglass had a higher elastic
modulus than I100, E=10.56±2.30 and E=7.97±1.59 GPa, respectively. The elasticity
of sol-gel silica glasses are directly influenced by the thermal stabilisation parameters
used. [269] Here, I100 was only dried up to 60◦C, resulting in a mesoporous, not fully
condensed, silica gel monoliths. Consequently, I100 had lower mechanical properties
than dense melt-derived bioglass. This is confirmed by the modulus of toughness, UT,
which is a measure of the energy absorbed by the material before complete failure (Ta-
ble 4.2). UT for BG was 150% larger than for I100. Mechanical properties recorded
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for I100 and Bioglass were in the same order of magnitude to that reported in the
literature. [269,270]
pTMSPMA/SiO2 hybrid had a mode of deformation which differed from BG and
I100 with a clear ductile behaviour. After elastic deformation, the yield strength was
reached at 5.2% of strain and 129.9±12.4 MPa of compressive stress, and was subse-
quently followed by plastic deformation and strengthening (strain hardening). Thus,
pTMSPMA/SiO2 had a much higher toughness than its inorganic analogue, I100, with
a modulus of toughness 550% greater. It is likely that this ductility originated from
the mobility of silica particles (from the condensation of TEOS) moving within the
pTMSPMA mesh upon compression, allowing the hybrid to strain up to 14.2% be-
fore fracture. Thus, pTMSPMA provided molecular reinforcement to the silica matrix
through covalent bonding. This substantial increase in toughness and strain to fail-
ure might be the key to increase the rather limited fatigue failure (limit of resistivity
to cyclic-loading) characteristic of bioactive glasses and therefore to avoid mechanical
failure after grafting. The validation of this hypothesis is beyond the scope of this
chapter.
Calcium-phosphate nucleation
The pTMSPMA/SiO2 hybrid was immersed in simulated body fluid (SBF) over two
weeks to investigate its ability to nucleate a calcium phosphate layer on its surface. [193]
SBF is a solution designed by Kokubo et al. with an ionic strength nearly equal to
human blood plasma as shown in Table 4.1. [271]
However, the formation of an apatite layer in SBF does not guarantee the success
of the implant in vivo as many factors are not taken into account in this bench top
test, such as protein adsorption or equilibrium of the carbonate species, etc. [272] How-
ever, immersion in SBF is a good tool to understand the change in chemistry (surface
and ionic concentrations) due to the interaction between the sample and the medium,
which could be used as reference for further design. Thus, variations in the ionic con-
centration of silicon, calcium and phosphorus were monitored using ICP-OES along
with the pH (Figure 4.6). Changes in surface chemistry were analysed by FTIR, XRD
and SEM (Figure 4.7 & 4.8). SBF alone, Bioglass and I100 were incubated under the
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Figure 4.6: a) pH and silicon concentration, b) calcium and phosphorus concentration pro-
files upon immersion in SBF of BG, I100 and pTMSPMA/SiO2 hybrid over 2
weeks.
same conditions and used as a control. Upon immersion, the pH of SBFBG increased
from 7.45 to 8.17 due to the exchange of the cations (Ca2+ and Na+) from the glass
with the H3O+ in solution whereas for I100 and hybrid, the pH remained within
the buffering capacity of the media. [273] All solutions increased in silicon concentra-
tion following the same trend, reaching 50.4±0.4, 49.5±0.3 and 40.0±1.3 µg.mL−1 for
SBFBG, SBFI100 and SBFHybrid, at 2 weeks, respectively.
Depletion in calcium or phosphorus concentration is known to be a good indicator
of calcium phosphate nucleation onto the surface of bioactive glasses. [193,274] Here, bio-
glass and I100 behaved as described in the literature with limited bioactivity observed
for I100 and rapid variation in the ionic strength of SBF upon immersion of BG due to
the nucleation of a calcium phosphate layer on its surface. [40,42] Due to the similarity
between I100 and pTMSPMA/SiO2, their apatite forming ability was expected to be at
a similar rate. However, after 1 week of immersion, the level of calcium and phospho-
rus dropped significantly for pTMSPMA/SiO2 compared to the SBF control and I100,
with concentration reaching 16.4±3.7 µg.mL−1 for P and 60.4±5.8 µg.mL−1 for Ca at
2 weeks of immersion, from an SBF values of 29.1 µg.mL−1 for P and 86 µg.mL−1
for Ca, suggesting that a calcium-phosphate layer was forming on the surface of the
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Figure 4.7: a) and b) represent the change in surface chemistry observed at different time
of immersion in SBF by FTIR and XRD, respectively.
hybrid.
To ensure that the depletion in calcium and phosphorus level was not due to an
instability of the SBF solution but to the nucleation of a calcium-phosphate (Ca-P)
crystal onto the surface of the hybrid, FTIR, XRD and SEM were conducted on the
collected powder after immersion (Figure 4.7 and 4.8). Before soaking in SBF, all
samples presented similar FTIR spectra with strong absorption bands at 1020 and
800 cm−1 due to their Si-O-Si silica network. XRD patterns were also similar with
amorphous halos at θ ≈32◦ for BG and θ ≈22◦ for I100 and pTMSPMA/SiO2 hybrid.
Bioglass induced nucleation and crystallisation of Ca-P within 3 days of immersion
in SBF, due to the local increase in pH due to ion exchange of cations from the glass
with protons from the SBF, and the abundance of Si-OH groups on its surface that
act as nucleation sites. Crystallisation of the Ca-P layer is associated with the FTIR
detection of P-O bending bands at 565 and 605 cm−1 and stretching band at 1030 cm−1,
characteristic of the tetrahedral PO3−4 groups in a crystal orthophosphate lattice, and
sharp X-ray diffraction peaks at θ ≈26◦ and θ ≈32◦, confirming hydroxycarbonated
apatite (HCA) formation (ICSD 01-084-1998). Similar features were detected on the
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Figure 4.8: SEM images of surfaces of (A) BG, (B) I100 and (C) pTMSPMA/SiO2 hybrid
(I50, pTMSPMA at 30 kDa) after 2 weeks in SBF.
Table 4.3: ζ-potential of I100 and pTMSPMA/SiO2 hybrid after immersion in 5 mM TRIS
solution. Measurements were taken 5 minutes after dispersion in PBS (pH=7.4).
Incubation (days) ζ I100 (mV) ζhybrid (mV)
0 -17.2±2.4 -14.2±0.4
3 -15.3±4.3 -17.4±2.1
7 -16.3±1.2 -20.1±4.1
14 -14.8±0.8 -26.7± 1.1
surface of the hybrid after 2 weeks, conﬁrming that the drop in phosphorus and
calcium levels was due the nucleation of HCA. Additionally, hybrid and BG were
fully covered by the characteristic HCA needle-like crystal as shown by SEM (Figure
4.8). However, the mechanism that led to the formation of this Ca-P layer differed to
BG, as the hybrid did not contain any calcium and the pH remained approximately
constant over the incubation period. The introduction of pTMSPMA improved the
calcium-phosphate layer formation ability over that of I100.
To get a better insight on the difference in apatite forming ability between I100 and
hybrid, the effect of the silica release on the surface charge of I100 and pTMSPMA/SiO2
was monitored by measuring the ζ-potential of the powder collected after immersion
in 5 mM TRIS-HCl, redispersed in PBS (Table 4.3). The surface charge of I100 did not
signiﬁcantly vary upon immersion in buffered water, over the two weeks of incuba-
tion, with a mean value of ζ I100= -15.9±1.1 mV, as seen previously for sol-gel silica
glass. [275,276] The pTMSPMA/SiO2 behaved differently, with a steady decrease in ζ-
potential from -14.2±0.4 mV to -26.7±1.1 mV over the two weeks of incubation. The
potential reached at 1 week was comparable to poly(methyl methacrylate) measured
under similar ionic strength and pH conditions, suggesting that, upon release of sol-
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uble silica from the condensed TEOS, a polymer rich layer was formed on the surface
of the hybrid. [277,278] In addition, Zainuddin et. al. demonstrated by 1H NMR that in
presence of Ca2+, the ester groups of polymethacrylates can form a ion-dipole com-
plex, inducing calcification. [279] This corroborates the drop observed in ζ-potential
as the complexation of cations lowers the potential but also gives an insight on the
mechanism Ca-P nucleation onto the surface of the hybrid, which is preferential on
negatively charge surfaces. Moreover, Tanahashi and Matsuda showed that the polar
affinity of cations for ester groups is a better inducer of apatite growth than silanol
(Si-OH) moieties. [280] To summarise, upon immersion of pTMSPMA/SiO2 hybrid in
SBF, silica was released from its surface, generating a pTMSPMA rich layer, which
induced complexation of Ca2+ through polar interactions with the ester groups from
methacrylate, which induced the nucleation of a Ca-P layer.
Cell Viability:
In this section the behaviour/fate of preosteoblast cells (MC3T3-E1) is assessed when
exposed to the dissolution products of pTMSPMA/SiO2 hybrid and I100 or when
seeded directly onto the samples. Here, BG was not used as a control due to the
large difference in composition with pTMSPMA/SiO2 hybrid or I100. More details
on the stimulation in osteoblast activity caused by BG can be found in the work of
Xynos et al.. [27] It is noteworthy to mention that the samples tested here were not
pre-conditioned.
Thus, MTT assay was performed in accordance to ISO 10993-5 and 10993-12 to
evaluate the cytotoxicity of the samples using their dissolution products. In ISO 10993
(Biological evaluation of medical devices), reduction of cell viability exceeding more
than 30% in comparison to non-toxic controls is considered cytotoxic. The results
confirmed that both I100 and pTMSPMA/SiO2 did not induce any cytotoxic effects
on MC3T3 cells (Figure 4.9-a), suggesting potential biocompatibility of these materials
in vivo. In addition, cells were capable of growth steadily over a period of 7 days
in the presence of dissolution products of either pTMSPMA/SIO2 or I100, obtained
from 3 days incubation in α-MEM at 75 mg.ml−1 (Figure 4.9-b). Cells cultured in
pTMSPMA/SiO2 dissolution products appeared to have a higher metabolic activity
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Figure 4.9: a) Cell viability test following the ISO 10993, every set of data is normalised to
the optical density of the culture media. b) MTT assay over 7 days of culture
comparing the proliferation of pTMSPMA/SiO2 hybrid (I50, pTMSPMA at 30
kDa) and I100.
up to 7 days in comparison to those cultured in I100 dissolution products. However,
the differences were not statistically significant.
Cell attachment and distribution on I100 and pTMSPMA/SiO2 disks were exam-
ined by immunohistochemistry (IHC) and SEM (Figure 4.10). IHC, which is based
on antigen-antibody integration, is a powerful investigative method that provides
semi-quantitative information to the routine morphological assessment of cells and/or
tissues. [281,282] Actin, one of the major components that assemble the cytoskeleton
of eukaryotic cells, is essential to many vital cellular processes such as cell adhe-
sion, division and migration. [283] Following 24 hours of culture, MC3T3 cells on
pTMSPMA/SiO2 disks demonstrated notably more robust expression of F-actin in
comparison to those on I100 disks (Figure 4.10- A and B). The formation of higher
order structures such as stress fibres was only visible in MC3T3 cells cultured on
pTMSPMA/SiO2 disks, suggesting established cell-cell and cell-ECM interactions. [284]
In addition, SEM imaging confirmed the existence of filopodia only in MC3T3 cells
cultured on pTMSPMA/SiO2 disks (Figure 4.10-C and B). The formation of focal ad-
hesions suggest that, in comparison to I100, pTMSPMA/SiO2 is a superior material
for promoting cellular attachment and the subsequent migration, which plays cen-
tral role in embryogenesis and wound healing. [285] It is reported that cellular viability
and survival is reduced if the extent of cell spreading area is very small (i.e. attach-
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Figure 4.10: a) b) Confocal images of I100 and pTMSPMA/SiO2 hybrid of MC3T3 cells 24
h after seeding where F-actin ﬁlament (red) were counter-stained with Alexa
Fluor 568-conjugated phalloidin and DNA (blue) was counter stained with
DAPI. c), d), e) and f) are SEM images of MC3T3 cells 24 h after seeding.
ment of round cells without formation of focal contacts). [286] Limited spreading in
MC3T3 cells cultured on I100 disks can be correlated to the reduced cellular metabolic
activity observed in MTT assays. The size and shape of the spreading of cells on
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biomaterials, along with the number, shape and distribution of focal adhesions are
dependent on a number of factors including surface charge, mechanical properties,
wettability, surface roughness/topography, solubility, porosity, pH and the presence
of functional groups. [287,288] Furthermore, different cell types react differently to bio-
materials. [289–291] Therefore, it is difficult to draw a conclusive explanation for the
different cell behaviour of MC3T3 cells when cultured on pTMSPMA/SiO2 and I100
disks. The combination of a more hydrophilic, negatively charged surface and the in-
herent chemistry of pTMSPMA is likely to contribute to the improved cell attachment
and spreading.
4.5 Conclusions
Here pTMSPMA/SiO2 class II hybrids were successfully synthesised. The addition of
a high cross linking density polymer into the sol-gel significantly improved the me-
chanical properties of sol-gel silica by changing the mode of deformation from brittle
to ductile while retaining their high specific area, mesoporosity and ability to deliver
soluble silica. In addition, the presence of the polymer had a significant beneficial
effect on bone-like apatite forming ability compared to silica gel. The surface charge
of the hybrid decreased on immersion in simulated body fluid, due to the exposure of
the methacrylate moieties present at the surface of the hybrid after silica release. The
negative charge increased the rate of nucleation of bone like mineral on its surface.
Improved cellular attachment was observed on the hybrid without apparent adverse
cytotoxicity as compared to I100. Thus, pTMSPMA/SiO2 hybrids have great potential
for producing scaffolds with enhanced elasticity for bone regeneration while deliver-
ing soluble silica to the defect site and efficiently welcoming surrounding osteogenic
cells.
CHAPTER5
Poly(3-methoxysilylpropyl
methacrylate)/silica hybrid: the effect of
polydispersity on structure-property
relationships and sol-gel process
"La science n’a pas de patrie, parce que le savoir est le patrimoine de l’humanité, le flambeau
qui éclaire le monde."
∴
"Science knows no country, because knowledge belongs to humanity, and is the torch which
illuminates the world."
-Louis Pasteur
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5.1 Chapter summary
In this chapter the effect of the polydispersity of homopolymers of poly(3-(trimethoxy
silyl) propyl methacrylate) (poly(TMSPMA)) on the sol-gel process and the result-
ing inorganic/organic hybrids was investigated. TMSPMA was successfully synthe-
sised by reversible addition-fragmentation chain-transfer (RAFT) radical polymerisa-
tion with good control over the reaction when the polymer was purified by distillation.
A linear increase in the molecular weight as a function of the monomer conversion
was observed and polymers with polydispersity not exceeding 1.1 were obtained.
Polymers synthesised with r-FRP at similar molecular weight were used as control
with polydispersity of 1.67. Class II Hybrids were successfully synthesised using well
defined polymers. The polydispersity of the polymer had a significant effect on the
time taken for the hybrid to gel. The gelation time was found to vary linearly with
the higher average mass molecular Mz. However, no significant effects were observed
on the mechanical properties, specific surface area and release of soluble silica with
trends matching those obtained in Chapter 3 and 4.
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5.2 Introduction
The data acquired in the previous chapters showed that a good control of the hy-
brid properties can be obtained with high cross-linking density methacrylic based
polymers. However, regulated-free radical polymerisation could only allow the regu-
lation of the average molecular weight of the polymer with no possible control over
the polydispersity (molecular weight distribution). Several reports showed that the
polydispersity of polymers can have a direct effect on materials properties or process-
ing. [292–294] For instance, Tsenoglou showed the the polydispersity of a polymer has
a considerable effect onto its ability to entangle, resulting into significant variations
in the viscoelastic properties of the final materials. [293] As mentioned in the literature
review, it is possible to obtained a high degree of control over the architecture and
structure of alkoxysilane containing polymers by using advanced controlled polymeri-
sation techniques based on the reversible deactivation of the active radical. [170,171,187]
However, even if the high potential of well defined silica containing polymers for the
synthesis of class II hybrids has been often mentioned in the literature, no structural
study has been reported so far. The aim of this chapter is therefore to investigate
whether a refinement in the molecular weight distribution of poly(TMSPMA) could
have an effect on the sol-gel process and the chemico-physical properties of its result-
ing hybrid, by synthesising poly(TMSPMA) by RAFT and r-FRP, targeting molecular
weight of 6 and 12 kDa. The effect on the sol-gel process as well as the mechanical
properties, specific surface area and release of soluble silica was also investigated.
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5.3 Materials & Methods
5.3.1 | Synthesis
Cleaning glassware
Prior to any synthesis, the glassware was washed in an alkaline bath overnight, then
rinsed and dipped into a acid bath for 2 h and subsequently dried at 120oC for 2 h.
Purification of TMSPMA by distillation
Distillation of TMSPMA was conducted prior RAFT polymerisation. The monomer
was placed in round bottom flask and left to react with calcium hydride for 24 h in
order to remove any residue traces of water and hydrolysed monomer. Then, the flask
was mounted onto a distillation apparatus which was connected onto a vacuum line.
The monomeric solution was vacuum degassed with a mild vacuum for 15 minutes
before being placed in a hot bath. The vacuum was then fully opened to reach a
pressure of approximately 1 mbar and the temperature was increased stepwise by
increment of 2oC until reaching boiling point. Then, the temperature was increased
by another 2oC to start the distillation. The purified monomer was then collected
and stored at 4oC before use. TMSPMA was preferably distilled the day before the
polymerisation reaction.
Reversible addition-fragmentation chain transfer (RAFT)
of TMSPMA
The RAFT polymerisation of TMSPMA was prepared to target molar ratio of monomer
:CTA :initiator of 150:1:0.5 as follows: AIBN (20.5 mg, 0.125 mmol), 2-cyano-2-propyl
benzodithioate (55.3 mg, 0.25 mmol) and TMSPMA (9313.1 mg, 37.5 mmol) were
weighed in a round bottom flask. Toluene was then added to reach a monomer con-
centration of 1.5 M. A magnetic stirrer was placed in the flask and the flask was sealed
with a septum. The polymerisation solution was then bubbled with argon for 30 min
and placed into a pre-heated oil bath at 60oC. Aliquots were withdrawn from the
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polymerisation solution at different reaction times and dipped in liquid nitrogen and
then stored at -4oC prior to analysis. The monomer consumption was followed by 1H
NMR. Prior to any further synthesis, poly(TMSPMA) was purified by precipitation in
n-hexane and dried in a vacuum desiccator for 24 h.
r-FRP of TMSPMA
The regulated-free radical polymerisation was performed as described in Chapter 3,
using thioglycerol as a chain transfer agent.
Synthesis of Silica-Poly(3-(Trimethoxysilyl)propyl methacry-
late) class II hybrid (pTMSPMA/SiO2)
pTMSPMA/SiO2 was synthesised using the sol-gel process with tetraethyl orthosili-
cate (TEOS) and pTMSPMA as precursors via the acidic route at room temperature.
First, the purified polymer was dried of THF by vacuum distillation using Buchi Ro-
tovapor RII (Tbath=60oC, nominal pressure = 350mbar). The mass of the polymer was
then recorded1 and pTMSPMA immediately redissolved in ethanol at a molar ratio
REthanol=
nethanol
nTMSPMA
= 6. In a separate beaker, TEOS was weighted to be further hydrol-
ysed. The mass of TEOS hydrolysed was calculated based on the mass of the polymer
(mpolymer) and the desired inorganic to organic mass ratio (Ih), using the following
equation (Eq. 5.1) :
Ih =
mSiO2 + mSiO1.5
mSiO2 + mSiO1.5 + mOrg
⇔
mTEOS = (
Ih
1− Ih ∗
mpolymer
Mw,TMSPMA
∗Mw,Org −
mpolymer
Mw,TMSPMA
∗Mw,SiO1.5) ∗
Mw,TEOS
Mw,SiO2
(5.1)
It must be noted that the backbone of the polymer was considered, in this equa-
tion, as the organic part of the class II hybrid. 1M HCl and water were added to the
beaker relative to the number of alkoxy silane groups taking into account TEOS and
pTMSPMA according to the following ratios : RHCl=
nHCl
nSiOR
= 0.01 and RH2O=
nH2O
nSiOR
= 1.
1The mass of the round bottom flask in which the polymer was dried was known and the mass of the
polymer was given by difference.
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However, water from HCl was subtracted to the final amount of distilled water added.
The solution was stirred at 1000 r.p.m for 30 minutes, allowing TEOS to hydrolyse, af-
ter which the purified polymer was poured into the beaker. The mixture was allowed
to mix for 30 s and cast into PTFE containers and subsequently sealed. After 3 days of
ageing, the lids were loosened for the solvent to evaporate. Si-pTMSPMA monoliths
were considered dried when their mass appeared to be stable on the balance.
5.3.2 | Characterisation
All the characterisation methods used in previous chapters were utilised here. Thus,
the appropriate chapter should be referred to for details on the protocols and princi-
ples: Chapter 3 explains the 1H NMR, size exclusion chromatography (SEC), nanoin-
dentation. Chapter 4 describes the dissolution experiment, ICP-OES and the nitrogen
sportion.
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Figure 5.1: Schematic representing the RAFT polymerisation of TMSPMA using 2-cyano-
2-propyl benzodithioate as a chain transfer agent.
5.4.1 | Polymerisation of 3-(trimethoxysilyl)propyl methacry-
late by RAFT
Here, control over the distribution of the molecular weight of poly(TMSPMA) was
achieved by using reversible addition-fragmentation transfer radical polymerisation
(RAFT), a type of reversible-deactivation radical polymerisation, as shown in Figure
5.1. The protocol used in this chapter was adapted from the work of Mellon et. al.
who reported the successful polymerisation of TMSPMA using 2-cyano-2-propyl ben-
zodithioate (CPBD) as a chain transfer agent. [171] Here, the effect of temperature and
type of solvent were optimised for hybrid synthesis. For a good controlled polymeri-
sation, it is important that the transfer of the radical to the RAFT agent is relatively
fast compared to the propagation of the radicals. As the radical polymerisation of
TMSPMA is sterically hindered by the alkoxysilane moiety, a good leaving group is
required. CPBD and diothiobenzoate RAFT agents, which possess tertiary carbon
centred R groups such as 2-cyanoprop-2-yl [171,177,179,295] or cumyl [1,175,296], fulfil this
requirement and were proven be efficient at re-initiating the polymerisation of TM-
SPMA and reach the RAFT equilibrium.
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The strategy developed here was to find the optimum conditions for the synthesis
of TMSPMA, by exploring its kinetics of polymerisation, by varying the reaction tem-
perature from 60oC to 80oC. A linear increase of the molecular weight was expected
with the monomer conversion from a reversible-deactivation radical polymerisation.
Thus, the aim was to find when the polymerisation should be stopped, with regards
to the conditions used, to reach the molecular weight of 6 and 12 kDa. Although, the
average molecular weight targeted here are lower than the 30 kDa threshold allowing
the efficient kidney excretion, [20] a monomer:CTA molar ratio of 150:1 was selected,
giving a molecular weight of 29.7 kDa at 80% conversion. Thus, the kinetic profiles
obtained in this chapter could be used in the future for further investigation. In ad-
dition, due to the low boiling point of THF (66oC), used in the previous chapters,
another solvent needed to be considered. Toluene was then selected for its higher
boiling point, 111oC. In addition, toluene is a non-polar solvent with a maximum wa-
ter content of 0.011%. This low percentage of water guarantees an effective drying
when using molecular sieves, allowing the polymerisation of TMSPMA to occur in
anhydrous condition.
Kinetics study
A kinetics study was performed by taking aliquots at regular time intervals from the
polymerisation mixture, comprising of a monomer:CTA:initiator ratio of 150:1:0.5. A
kinetic plot was constructed from the estimated conversion (1H NMR) at each time
point based on the following considerations: once the RAFT equilibrium was reached,
the only significant source of radical came from the fragmentation of the RAFT adduct
intermediate. Therefore, assuming independent rate of fragmentation and addition,
the concentration of radical was constant over time, meaning that stationary condition,
similar to free radical polymerisation, was met. Thus, the rate of propagation can be
described as followed:
Rp =
d[M]
dt
= kp[M][P•n ]⇒
d[M]
dt
= kapp[M] (5.2)
where kapp is the apparent rate of propagation. This equation (Eq. 5.2) can be inte-
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grated to yield an expression describing the evolution of the monomer consumption
with time :
ln(
1
1− X ) = ln(
[M]0
[M]
) = kappt (5.3)
where X is the relative amount of monomer that had reacted to form a polymer.
Therefore, it is possible to assess whether the stationary condition was met (constant
concentration of radical) by performing a regression analysis on the monomer con-
sumption (ln( [M]0
[M] )) as function of polymerisation time.
Figure 5.2 represents the consumption of TMSPMA as a function of the temper-
ature over 8 hours of polymerisation. The monomer consumption at 60oC and 70oC
followed a pseudo first-order behaviour with a linear increase over time reaching
62% and 82% conversion at 8 h, respectively. At 80oC, a steady consumption of the
monomers was observed over the first 4 h (84% conversion) followed by a drastic re-
duction in speed of reaction. As the polymerisation was not completed, this drop in
propagation rate was likely to be due to a rupture of the RAFT equilibrium, caused
by disproportionation termination or an instability of the chain transfer agent at high
conversion. [295,297,298]
A step increase of 10oC in the polymerisation temperature had a noticeable effect
on the speed of reaction, which can be quantified by the extraction of kapp. Thus, the
apparent propagation rates were extracted from the linear pseudo first-order region
([P•n ] = constant), giving kapp,60= 3.78 10−5 s−1, kapp,70= 6.45 10−5 s−1 and kapp,80= 13.05
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Figure 5.3: a) Evolution of the molecular weights and polydispersities with monomer con-
version at 60oC,70oC and 80oC during the RAFT polymerisation of TMSPMA b)
GPC traces of the RAFT (Monomer/CTA/initiator=150/1/0.5) polymerisation
of TMSPMA at 70oC in toluene at different percentages of conversion.
10−5 s−1 at 60oC, 70oC and 80oC, respectively. This can be explained by the intrinsic
temperature dependence of the propagation rate, which follows the Arrhenius law:
kp = Ae
−EA
RT (5.4)
Where A is the pre-exponential factor and EA the activation energy. A typical
value for EA, when the polymerisation is initiated by thermal decomposition, is ap-
proximately 80 kJ.mol−1, leading to a theoretical increase in the propagation rate of
two to threefold with an increment of 10oC, matching the experimental values ob-
tained here.
Pseudo first-order behaviour is a powerful tool to investigate whether the RAFT
equilibrium is reached. However, when the stationary condition is met in free radical
polymerisation, similar behaviour is expected. Thus, a linear kinetic plot is necessary
but not sufficient to justify that the RAFT polymerisation is effectively controlled. [299]
The guarantee of a good controlled polymerisation resides in the linear increase of the
molecular weight with the monomer conversion, which is a direct consequences of the
reversible-deactivation nature of the RAFT agent.
Figure 5.3-a represents the evolution of the average molecular weight and the poly-
dispersity index as a function of the monomer conversion. Regardless of the temper-
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ature used, the molecular weight of poly(TMSPMA) increased linearly up to 60%
conversion. In addition, within the same range of conversion, the molecular weight
distribution (PDI) were found to be narrow reaching values as low as 1.19 (60oC, 33%
conv). However, above 60% conversion an increase in the polydipersity, showing a
loss of control (PDI > 1.5), was observed along with rapid increase in Mn, which
was illustrated by the appearance of a high molecular weight side shoulder on the
SEC chromatographes (Figure 5.3-b). Xiong et. al. reported similar behaviour when
polymerising 3-(triethoxysilyl)propyl methacrylate by ATRP, attributing the shoulder
peak to the intramolecular branching of single polymeric chains through the conden-
sation of alkoxysilane groups. [187] However, this effect has also been observed with
other methacrylate monomers, with no possible cross-linking. [297,298] Besides, reports
on RAFT polymerisation often suggests that reaction between two active radicals (dis-
proportionation) is likely to happen at high conversion. [295,297,298]
However, if the hypothesis formulated by Xiong et. al. were to be valid, it is
likely that TMSPMA was hydrolysed prior to polymerisation as the reaction occurred
under anhydrous conditions, where heat and the high viscosity of the polymerisation
solution would have acted as a catalyst of the silica condensation if TMSPMA was
partially hydrolysed prior to the reaction.
The purity of TMSPMA was assessed by 1H NMR, which revealed that, at the
time when this experiment was conducted, TMSPMA was hydrolysed by 8%. This
was calculated by comparing the relative integration of the closest protons on the
propyl chain to the silica (0.68δ) to the integration of the methoxy groups (3.58δ). In
addition, the characteristic singlet peak of methanol, hydrolysis product of TMSPMA,
was detected at 3.48δ at proportion equivalent to the degree of hydrolysis. Therefore,
there is a high probability that the loss in control observed here was due to the cross-
linking of the alkoxysilane groups of poly(TMSPMA). In addition, this explained why
the data obtained here were not in agreement with what was reported by Mellon et.
al., who obtained monodisperse polymeric distribution at high conversion (92%) with
low polydispersity and high molecular weight, 1.13 and 32 kDa, respectively, after
distillation (purification) of the monomer.
Thus, the next section focuses on investigating the effect of the purity of the
122 CHAPTER 5
a) b) c)
10 11 12 13
← Polymerisation time
Elution time (min)
R
.I
. n
or
m
al
is
ed
 in
te
ns
it
y 
(a
. u
.)
0 10 20 30 40 50 60 70 80 90
1.0 
1.5 
P
D
I
Conversion (%)
0
5
10
15
20
25
30
M
n,
 (
kD
a)
70oC
80oC
0 2 4 6 8
0.0 
0.5 
1.0 
1.5 
2.0 
2.5 
time (h)
ln
([
M
] 0
/[
M
] t)
70oC
80oC
Figure 5.4: a)Kinetics plots of the RAFT (Monomer/CTA/initiator=150/1/0.5) polymeri-
sation of TMSPMA at 70oC,80oC in toluene versus time; b) Evolution of the
molecular weights and polydispersities with monomer at the same temperatures;
c) SEC traces of the RAFT (Monomer/CTA/initiator=150/1/0.5) polymerisa-
tion of TMSPMA at 70oC in toluene at different percentages of conversion.
monomer onto the RAFT radical polymerisation.
Polymerisation of distilled TMSPMA
Calcium hydride (CaH2) is a well-known drying agent, used in the purification of alkyl
methacrylate monomers, which reacts virulently with water generating dihydrogen
(H2) gas and calcium hydroxide salt. [300] In addition, Khan et. al. [301] recently estab-
lished that CaH2 favourably reacts with silanol (reaction enthalpy -1787 KJ.mol−1)
forming an oxide with silicon and H2, as follows :
CaH2 + 2R-Si-OH→ R-Si-O-Ca-O-Si-R + 2H2 (g) (5.5)
Thus, TMSPMA was mixed with CaH2 for 24 h under nitrogen. The non-hydrolysed
TMSPMA was then extracted by distillation, yielding a highly pure monomer with no
detectable (1H NMR) trace of hydrolysis. The kinetic experiments, described in the
previous section, were repeated using the purified TMSPMA, at 70oC and 80oC, tem-
peratures at which the formation of these side shoulders were the most pronounced
(Figure 5.4). Similar kinetics plots were obtained with apparent propagation rates
slightly inferior to the value obtained with non-purified TMSPMA, yet, close (kapp,70=
5.14 10−5 s−1, kapp,80= 11.11 10−5 s−1). However, significant improvements were ob-
tained in terms of molecular weight and molecular weight distribution. No shoulder
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could be detected by SEC, with narrow monodisperse distributions at any monomer
conversion. For instance, after 8h of polymerisation at 70oC, 24 kDa poly(TMPSMA)
with a PDI of 1.09 was obtained, as opposed to the 1.56 obtained with non-purified
TMSPMA. A loss of control was still observed at 80oC after 5 h of polymerisation
(85% monomer conversion), along with a decrease in the average molecular weight as
monomer conversion increased. It is important to note that the Mp, which is the molec-
ular weight representing the mode of the chromatograph peak, stood constant after
5h, only the polydispersity increased asymmetrically, favouring the small molecular
range. It is therefore likely that, after 85% conversion, the transfer rate of the RAFT
agent to the propagating radical decreased and that a small fraction of non-controlled
polymerisation occurred. This could be avoided by carrying out the polymerisation
at a lower monomeric concentration, resulting in a lower viscosity at high conversion.
However, the speed of reaction will be affected and the benefit would be rather lim-
ited as the polymerisation at 70oC at 1.5 M gave a good control, with regards of the
molecular weight targeted in this study.
Thus, a temperature of 70oC was selected for the polymerisation of poly(TMSPMA),
which were used for the synthesis of class II hybrids.
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Table 5.1: Result of the RAFT and r-FRP polymerisation of TMSPMA.
Run Methoda DPtargeted Timeb Convc DPNMRc Mnd Mzd PDId
(h) (%) (g.mol−1) (g.mol−1)
P1 r-FRP 25 24 98 23 5735 13590 1.61
P2 r-FRP 25 24 99 46 11390 28870 1.67
P3 RAFT 50 2 8 24 6095 7685 1.13
P4 RAFT 50 2 19 51 12870 15870 1.12
a) r-FRP stands for regulated-free radical polymerisation whereas RAFT stands for re-
versible addition-fragmentation chain transfer; b) Time at which the reaction was ter-
minated by dipping the flask in liquid nitrogen; c) Determined by 1H NMR; d) Deter-
mined by size exclusion chromatography calibrated with near-monodisperse pMMA
calibrant in THF at 1 mL.min−1.
5.4.2 | Polymer set for class II hybrid hybrid synthesis
Four polymers were used in this chapter to evaluate the impact of the polydispersity
on the sol-gel process and the properties of the resulting hybrids: two were synthe-
sised by RAFT and two by r-FRP, targeting 6 (DP = 25) and 12 kDa (DP = 50) with
both methods. Characteristic of the polymers are summarised in Table 5.1 and Figure
5.5.
Poly(TMSPMA) with high polydispersities were obtained by r-FRP using thioglyc-
erol (TG) as a chain transfer agent. Here, the experimental value of chain transfer
agent, determined in Chapter 3, was used to calculate the concentration of TG required
to regulate the reaction to the molecular weight targeted (DPn = 1Ctr
[M0]
[TG]0
). Thus, 1.64
mmol and 0.83 mmol of TG were used to reach 5.7 and 11.3 kDa poly(TMSPMA)
with PDI of 1.61 and 1.67, respectively. Poly(TMSPMA) with a narrow polydispersi-
ties were obtained by RAFT radical polymerisation using the monomer:CTA:initiator
used in the kinetics experiments at 70oC. The reaction was stopped at 1 and 2 h to yield
polymer with average molecular weight of 6.1 and 12.9 kDa, with polydispersities of
1.13 and 1.12, respectively.
All polymers were purified 3 times by precipitation in n-hexane before before being
re-dispersed in ethanol and subsequently used for the sol-gel synthesis.
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5.4.3 | Hybrid synthesis using pTMSPMA synthesised by
r-FRP and RAFT
Silica class II hybrids were prepared using the same experimental conditions described
in Chapter 3. Briefly, the sol-gel process was carried out under acidic conditions
(pH<1) where TEOS was hydrolysed first for 1 h, followed by the addition of the
poly(TMSPMA) solution. The relative concentration of TEOS to the polymer was
varied to produce hybrids with an inorganic to organic weight ration of 29% (cross-
linked polymer chains), 50%, 75% and 100%, termed I29, I50, I75 and I100, respectively.
Effect of the polydispersity on the gelation time
The time that the sols took to reach the gel point followed the same general trend that
was described in Chapter 3, with a decrease in the gelation time as the inorganic to
organic ratio decreased, regardless of the molecular weight or polymerisation method
used (Figure 5.6-a). In addition, at a fixed inorganic to organic weight ratio, the higher
the molecular weight, the shorter the gelation time, with regards to the polymerisation
method used. However, the polymerisation method used had two noticeable effects
on the gelation time : i) regardless of the composition targeted, the sols containing
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poly(TMSPMA) synthesised by RAFT were slower to gel than these containing poly-
mers synthesised by r-FRP. ii) the relative increase in gelation time as an increase in
molecular weight, at a given Ih, was more significant with polymers synthesised by
r-FRP than by RAFT. These two observations highlight the influence of the polydis-
persity of the polymer onto the gelation and also suggest that the gelation mechanism
needs to be refined accordingly.
The polydispersity is defined as the ratio of the average molecular weight, Mn, to
the weight average molecular weight, Mw. There are equal numbers of molecules on
either side of Mn in the distribution whereas Mz represents the mean of the weight dis-
tribution. Both of these definitions can be mathematically illustrated by the following
equation:
M = ∑
Ni Mn+1
∑Ni Mn
(5.6)
where Mi is the molecular weight of a polymeric chain, Ni is the number of chains
at this molecular weight and n the ponderation factor, with n = 0 for Mn and n =
1 for Mw. In general, the greater n, the more sensitive to high molecular weight
polymers M is. Thus, it is possible to characterise the higher end of the molecular
weight distribution by calculating Mz, corresponding to n=3. Figure 5.6-b describes
the evolution of the gelation time as a function of Mz, which are given in Table 5.1. At a
fixed Ih, the gelation time decreased linearly with Mz, regardless of the polymerisation
method used.
Thus, based on the new observations made here, the gelation mechanism proposed
in Chapter 3 can be refined; The formation of the opened polymeric mesh is induced
by the self condensation of the higher range of the molecular weight chains, which
can be characterised by Mz, regardless of Mn and the PDI.
Now that the influence of the polydispersity of poly(TMSPMA) on the sol-gel pro-
cess has been established, the properties of the resulting hybrids are investigated in
the following section.
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5.4.4 | Effect of the polydispersity on hybrid properties
In this section the effect of the polydispersity of poly(TMSPMA) on the mechanical
properties, the specific surface area and the release of soluble silica were investigated.
Effect on the mechanical properties
The mechanical properties of the poly(TMSPMA)/SiO2 hybrids synthesised in this
chapter were characterised by nanoindentation using similar experimental conditions
used in Chapter 3. In addition, the reduced Young’s modulus Er, Hardness H and
the quadratic viscosity α3ηQ were extracted by fitting the data using the Visco-Elastic-
Plastic (VEP) model proposed by Oyen et. al. [219] and detailed in Chapter 3.
Figure 5.7-a shows the experimental and the modelled load-displacement curves
obtained from hybrids synthesis with well defined poly(TMSPMA) at 12 kDa as a
function of the inorganic to organic weight ratio. I100 (pure silica gel) was plotted
as a control. Table 5.2 summarises the values extracted from the VEP model for the
same samples. All hybrids underwent a crack-free deformation under the load of the
indenter, regardless of the synthesis method used and the molecular weight. The poly-
dispersity of the polymer did not have any significant effect on the general behaviour
128 CHAPTER 5
Table 5.2: Reduced Young’s modulus, Er, hardness, H, and viscoelastic factor, α3ηQ,
extracted from nanoindentation data using the Viscous-Elastic-Plastic model
at different inorganic to organic ratios. pTMSPMA/SiO2 hybrids with
poly(TMSPMA) synthesised by RAFT at a Mn of 12 kDa. mean and stan-
dard deviation are given on a basis of 50 measurements. The Young’s modulus,
E, is related to the reduced Young’s modulus by Er = E1−ν2 , where ν is the
Poisson’s ratio.
Hybrid Er (GPa) H (GPa) α3ηQ (1012 Pa.s2)
I29 1.11±0.67 0.32±0.10 3.18±3.66
I50 3.83±0.27 0.41±0.04 22.94±1.90
I75 7.08±0.75 2.32±0.02 41.34±0.95
I100 15.96±0.73 1.40±0.06 39.76±1.34
of the samples, under the load of the indenter, with an increase of the displacement
at the maximum load as the inorganic to organic weight ratio decreased. However, a
more pronounced viscoelastic response was observed for the RAFT polymers at I29,
with a significant increase in the area of the hysteresis, along with an increase in the
displacement at the maximum load (dwell of 20 s). For instance, with poly(TMSPMA)
at 12 kDa synthesised by r-FRP and RAFT, the displacement during the dwell went
from 182 nm to 512 nm. The reduced Young’s modulus was found to exclusively vary
with the inorganic to organic ratio as shown in Figure 5.7-b with Er ≈ 1, 3 and 7.5
GPa at I29, I50 and I75, respectively, corroborating the analysis made in Chapter 3.
Hence, the polydispersity of the poly(TMSPMA) did not have any significant effect on
the mechanical properties of its hybrids.
Silica release and specific surface area
The specific surface area of the hybrids was determined by nitrogen absorption as
described in Chapter 4. Figure 5.8 shows the isotherms obtained for the hybrids
synthesised with well defined polymers at 12 kDa as a function of the inorganic to
organic ratio. Regardless of the compositions, the isotherms exhibited a type I ph-
ysisorption. [261] In addition, similar observations to these of Chaper 4 were made
here, regarding the evolution of the SSA with the average molecular weight and the
inorganic to organic ratio. Thus, at I75, the SSA values for the hybrids were close to
the 457 m2.g−1 of I100. I50, the SSA decreased as the Mn decreased, regardless of
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the polymerisation method used, with SSARAFT = 325 m2.g−1 at Mn = 12 kDa and
SSARAFT = 201 m2.g−1 at Mn = 6 kDa, The values obtained for I29 were inferior to
the detection limit of the instrument. [263,264] In summary, the polydispersity of the
polymer did not have any significant effect on the specific surface area of the samples.
Thus, the silica release of the pTMSPMA/SiO2 hybrids were expected to follow a
similar trend described in Chapter 4. In order to validate this hypothesis, hybrids were
soaked in 5 mM TRIS solution buffered at pH 7.35 over a period of 3 days as shown in
Figure 5.9. The silica release profile obtained for I100, pure silica glass, was plotted as
a control. At 75% inorganic to organic ration the hybrid silicon release profiles were
statistically equivalent to I100, with a steady increase of the level of silicon reaching
39.1±3.9 µg.ml−1. At I50, the concentration of silicon did also increased over the
3 d of incubation, however, at a reduced level compared to I100, reaching at 3 d
22.3±1.1 µg.ml−1 and 12.8±1.43 µg.ml−1 for well defined poly(TMSPMA) at 12 kDa
and 6 kDa, respectively. The values obtained at 3 d from the hybrids synthesised with
polydispersed poly(TMSPMA) were statistically equivalent to these obtained with well
defined polymers. At I29, hybrids did not show any sign of mesoporosity and only ≈
1.5 µg.mL−1 of silica was released in solution, value close to the 1 µg.mL−1 detection
limit of the ICP-OES. The values obtained at 3 d varied only with the initial specific
surface area of the sample and not the polymer molecular weight distribution which
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Figure 5.9: Silicon
concentration profiles
upon immersion of
pTMSPMA/SiO2 hybrids
synthesised with well
defined and polydispersed
poly(TMSPMA) in 5 mM
TRIS solution buffered
at 7.35 over 3 days.
Each plot represents an
inorganic to organic ratio
with I100 plotted as a
control.
corroborated the observation made in Chapter 4. However RAFT offers the benefit that
if the hybrid lost polymer chains during degradation/dissolution, the size of those
chains are known and would be removed from circulation by passing through the
kidneys. Mechanical properties were not lost, so in design of biodegradable hybrids,
e.g. using a degradable cross linker, RAFT would be a the preferred polymerisation
method.
5.5 Conclusion
In this chapter, poly(TMSPMA) was successfully synthesised by RAFT radical poly-
merisation. The reaction was found to be sensitive the hydrolysed monomer with a
loss of control at high conversion and high viscosity. A good control over the poly-
merisation was achieved with distilled monomer. Silica class II hybrids were success-
fully synthesised via the sol-gel process. The polydispersity of the polymer had a
significant effect on the gelation time. The gelation occurred by the intramolecular
cross-linking of the higher average molecular weight polymer chains, Mz, with mini-
mum effect of the Mn. Analytical characterisation of class II hybrids synthesised with
5.5. CONCLUSION 131
well defined high cross linking density polymer was reported for the first time in this
chapter. However, no significant effect were observed on the mechanical properties,
specific surface area and release of soluble silica, as compared with polymer synthe-
sised via conventional free radical polymerisation. The data obtained in the chapter
can be used as a reference for future design of hybrid synthesised with well defined
polymer of a complex architecture.

CHAPTER6
RAFT polymerisation of
N-[3-(trimethoxysilyl)propyl]acrylamide and
its versatile use in silica hybrid materials
"Rien n’est plus puissant qu’une idée dont l’heure est venue."
∴
"There is nothing more powerful than an idea whose time has come."
-Victor Hugo
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6.1 Chapter summary
RAFT polymerization and characterisation of an alkoxysilane containing acrylamide
monomer using a trithiocarbonate chain transfer agent is described. Poly(N-[3-( tri
methoxy silyl) propyl] acrylamide) (PTMSPAA) homopolymers were obtained with
good control over the polymerization. A linear increase in the molecular weight
was observed whereas the polydispersity values did not exceed 1.2 regardless of the
monomer conversion. PTMSPAA was then used as a macro RAFT agent to poly-
merize N-isopropylacrylamide (NIPAM). By varying the degree of polymerization of
NIPAM within the block copolymer, different sizes of thermoresponsive particles were
obtained. These particles were stabilized by the condensation of the alkoxysilane moi-
eties of the polymers. Novel hybrids were obtained through a co-network of silica and
PTMSPAA using the sol-gel process, mixing PTMSPAA and hydrolyzed tetraethy-
lorthosilicate. After drying, transparent mesoporous hybrids were obtained with a
surface area of up to 400 m2.g−1.
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6.2 Introduction
As described in the literature review, alkoxysilyl methacrylate monomers have been
widely used to stabilise macromolecular polymeric structures. [168,302] A variety of
nano-materials such as vesicles, spherical particles, nanowires or nano-plates have
been synthesised through the self-organisation of well defined block-copolymers. [1,175,177,187,191,303]
The self-assembly nature of these polymers relies on the thermodynamic incompatibil-
ity of their segments, inducing phase separation under appropriate conditions. Even
though the composition or structure of these silica containing nano-materials present
numerous advantages in the preparation of drug carriers or as diagnosis tools, their
benefit for synthesis of class II hybrids is rather limited due to their poor stability
when dry.
In addition, these polymers are often made from monomers belonging to differ-
ent classes, combining for instance acrylamide, methacrylate or styrene, adding a
level of complexity to the polymerisation as each class of monomer usually needs
distinctive experimental conditions. This is particularly true with reversible addition-
fragmentation chain transfer (RAFT) polymerisation where the rate of addition of the
chain transfer agent to the propagating radical must be greater than the rate of prop-
agation, which varies considerably depending of the monomer class. [304]
Recent advances made in the synthesis of multi-block copolymers (up to 20 blocks)
have opened new perspectives in designing a novel class of polymer. [305,306] It is
now possible to synthesise polymeric structures which are close in complexities to
natural polymers such as polypeptides, proteins or DNA. Alkoxysilane monomers
could play a determinant role in stabilising advanced macro-structures synthesised
via this polymerisation technique. However, this RAFT based mechanism relies on
the use of monomer which allows a fast propagation of the radical, such as acrylate
or acrylamide. Unfortunately, experimental conditions which would allow the use of
methacrylate monomer, such as TMSPMA, have not been found yet.
Thus, in this chapter, we are describing for the first time the RAFT polymeri-
sation of N-[3-(trimethoxysilyl) propyl] acrylamide (TMSPAA) monomer, ideal can-
didate for the synthesis of multiblock copolymer, and its copolymerisation with N-
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Isopropylacrylamide (NIPAM). Amphiphilic block copolymers were utilised in the
formation of micelles through a self-assembly process whereas homopolymers were
utilised in the hybrid formation through a sol-gel process. Detailed characterisation
of polymers, nanoparticles and hybrid materials have been performed using a range
of analytical techniques.
6.3 Experimental Section
6.3.1 | Polymer, nano-sphere and hybrid Synthesis
Cleaning glassware
Prior to any synthesis, the glassware was washed in an alkaline bath overnight, then
rinsed and dipped into a acid bath for 2 h and subsequently dried at 120oC for 2 h.
RAFT polymerisation of N-[3-(trimethoxysilyl) propyl] acry-
lamide
The polymerisation was prepared as followed: AIBN (6.6 mg, 0.04 mmol), 2-(dodecyl
thiocarbonothioylthio)-2-methylpropionate (33.7 mg, 0.08 mmol) and TMSPAA (1165.5
mg, 5 mmol) were weighed in a round bottom flask. THF was then added to reach
a monomer concentration of 1 M. A magnetic stirrer was placed in the flask and
the flask was sealed with a septum. The polymerisation solution was then bubbled
with argon for 30 min and placed into a pre-heated oil bath at 60oC. Aliquots were
withdrawn from the polymerisation solution at different reaction times and dipped in
liquid nitrogen and then stored at -4oC prior to analysis. The monomer consumption
was followed by 1H NMR. Prior to any further synthesis, poly(TMSPAA) was purified
by precipitation in n-hexane and dried in a vacuum desiccator for 24 h. A similar
protocol was used for the chain extension with N-isopropylacrylamide.
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Preparation of poly(TMSPAA-b-NIPAM) thermorespon-
sive particles
Themoresponsive particles were prepared by self-assembly of the TMSPAA-b-NIPAM
block copolymer from an adapted method reported by Zhang et. al. [1] First, the ho-
mopolymer of TMSPAA was dissolved in dimethylformamide (solution A) at a con-
centration of 1 mM, usually starting with a mass of around 100 mg of polymer. Then
a dilute solution of triethylamine (5 mM, solution B) was added drop wise, at a rate
of 1 drop every 5 sec, to solution A. After reaching a volumetric concentration of 50%
of solution B, the particles were purified by dialysis (molecular weight cut off of 12
kDa) against deionised water over 3 days, changing the media everyday.
Synthesis of pTMSPAA/SiO2 class II hybrids
pTMSPAA/SiO2 hybrids were synthesised using the sol-gel process with tetraethyl
orthosilicate (TEOS) and pTMSPAA as precursors via the acidic route at room tem-
perature. First, the purified polymer was dried of THF by vacuum distillation using
Buchi Rotovapor RII (Tbath = 60oC, nominal pressure = 350 mbar). The mass of the
polymer was then recorded and pTMSPAA immediately redissolved in ethanol at a
molar ratio REtOH =
nEtOH
nTMSPAA
= 6. Meanwhile, in a separate beaker, TEOS was weighed
for further hydrolysis. The mass of TEOS hydrolysed was calculated based on the
mass of the polymer (mpolymer) and the desired inorganic to organic mass ratio (Ih),
using the following equation (Eq. 6.1):
Ih =
mSiO2 + mSiO1.5
mSiO2 + mSiO1.5 + mOrg
⇔
mTEOS = (
Ih
1− Ih ∗
mpolymer
Mw,TMSPAA
∗Mw,Org −
mpolymer
Mw,TMSPAA
∗Mw,SiO1.5) ∗
Mw,TEOS
Mw,SiO2
(6.1)
It must be noted that the backbone of the polymer was considered, in this equation,
as the organic part of the class II hybrid. 1M HCl and water were added to the
beaker relative to the number of alkoxysilane groups taking into account TEOS and
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pTMSPAA according to the following ratios : RHCl =
nHCl
nSiOR
= 0.01 and RH2O =
nH2O
nSiOR
= 1. However, water from HCl was subtracted from the final amount of distilled
water added. The solution was stirred at 1000 r.p.m for 30 minutes, allowing TEOS to
hydrolyse, after which the purified polymer was poured into the beaker. The mixture
was allowed to mix for 30 s, poured into PTFE containers and subsequently sealed.
After 3 days of ageing, the lids were loosened for the solvent to evaporate.
6.3.2 | Characterisation
Some of the characterisation method used in previous chapters were utilised here.
Thus, the appropriate chapter should be referred to for details on the protocols and
principles: Chapter 3 explains the size exclusion chromatography, 1H NMR, dynamic
light scattering and Fourier transform infrared spectroscopy and Chapter 4 describes
nitrogen sorption and SEM.
Transmission electron microscopy (TEM)
Principle: TEM is a high resolution imaging techniques based on the interaction of a
focused electron beam with a thin sample. Upon interaction with the sample, part of
the electron beam is transmitted depending on the thickness and electron transparency
of the specimen which can be detected using a charge coupled device (CCD) camera.
Optional objective apertures can be used to enhance the contrast by suppressing high-
angle diffracted electrons, therefore, increasing the image contrast.
Methodology: Particles were imaged using bright field transition electron microscopy
(TEM). Imaging was performed on a JEOL-2000FX TEM using with an operating volt-
age of 200 kV and a 10 µm objective aperture to increase mass-thickness contrast. Sam-
ples were dispersed in ethanol and collected on 300 mesh copper TEM grids coated
with holey carbon film.
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6.4 Results and Discussion
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Figure 6.1: Schematic representing the RAFT polymerisation of TMSPAA using butyl ether
2-(dodecylthiocarbonothioylthio)-2-methylpropionate as a chain transfer agent.
N-[3-(trimethoxysilyl)propyl]acrylamide (TMSPAA) was polymerised by RAFT in
tetrahydrofuran (THF) at 60oC using 2,2’-Azobisisobutylonitrile (AIBN) as initiator
and butyl ether 2-(dodecylthiocarbonothioylthio)-2-methylpropionate as chain trans-
fer agent as shown in Figure 6.1. It is worthy mentioning that the RAFT agent used in
this chapter is different in structure than the one used for the polymerisation of TM-
SPMA. Acrylamide monomers are highly reactive with a propagation rate one order
of magnitude higher than methacrylates when polymerised under the same experi-
mental conditions. [307] In addition, due to the weak steric effect of the amide group,
polyacrylamides are poor leaving groups which greatly affects the fragmentation re-
action (RAFT equilibrium). [308,309] Convertine et. al. demonstrated that an excellent
molecular weight control can be obtained using trithiocarbonate as RAFT agent with
a tertiary R group. [304,310] Thus, 2-(dodecylthiocarbonothioylthio)-2-methylpropionate
(TTC-CTA) was selected instead of 2-cyano-2-propyl benzodithioate for the polymeri-
sation of TMSPAA.
TMSPAA could not be purified by distillation as the required pressure (0.1 mbar)
was below the minimum working pressure of the setup used for TMSPMA. [311] How-
ever, 1H NMR revealed that the percentage of hydrolysis of the alkoxysilane moiety
was below the 1% necessary for a good control. Thus, TMSPAA was used as received
without any purification.
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Table 6.1: Result of the RAFT polymerization of TMSPAA and its chain extension with
NIPAM.
Run Feed Timeb Convc Actual Mnd PDId
Ratioa (h) (%) Ratioc (g.mol−1)
P1/homo 25 3 38 TMSPAA7 1330 1.07
P2/homo 25 6 54 TMSPAA14 2760 1.12
P3/homo 50 3 41 TMSPAA21 2680 1.12
P4/homo 50 6 56 TMSPAA28 4730 1.14
P5/homo 100 3 33 TMSPAA26 3720 1.11
P6/homo 100 6 45 TMSPAA45 5670 1.18
P7/homo 50 18 89 TMSPAA41 4500 1.27
P8/block 28/100 24 89 TMSPAA28-b-NIPAM81 14310 1.18
P9/block 28/200 24 91 TMSPAA28-b-NIPAM162 23460 1.19
P10/block 28/375 24 99 TMSPAA28-b-NIPAM371 49400 1.10
a) Degree of polymerisation targeted at 80% of conversion; b) Time at which an
aliquot was taken or the reaction terminated by dipping the flask in liquid nitrogen;
c) Determined by 1H NMR; d) Determined by size exclusion chromatography
calibrated with near-monodisperse pMMA calibrant in THF at 1 mL.min−1.
All results relating to the polymer characterisation in this chapter are summarised
in Table 6.1.
A kinetic experiment was performed to assess whether the polymerisation of
TMSPAA could be controlled using TTC-CTA. The reactions were performed in THF
as TMSPAA was not soluble in toluene, probably due to the more polar amide group
as compared to methacrylate. However, using THF imposed stringent temperature
conditions, as its boiling point is 66oC and the homolysis of the primary source of
radical (AIBN) being only effective from 55oC. The polymerisation of TMSPAA was
therefore carried out at 60oC. The effect of the relative concentration of the RAFT agent
to the monomer was investigated by keeping the molar ratio of initiator to CTA con-
stant at 5:1 while varying the molar ratio monomer to CTA, targeting polymer with
theoretical molecular weight of 6253 g.mol−1 ([M]:[TTC-CTA]=25:1), 12085 g.mol−1
([M]:[TTC-CTA]=50:1) and 23750 g.mol−1 ([M]:[TTC-CTA]=100:1), at 80 % conversion.
Aliquots of the polymerisation solution were taken at regular time intervals and
subsequently quenched in liquid nitrogen. The monomer conversion was followed
using 1H NMR by diluting part of the sample collected in CDCl3. To calculate the
conversion of monomer to polymer the integration of the protons on the vinyl group
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Figure 6.2: . a) Pseudo first order kinetic plots for TTC-CTA mediated RAFT polymer-
ization of N-[3-(trimethoxysilyl)propyl]acrylamide ([M]0 = 1 mol.L−1 targeting
a degree of polymerisation of 25, 50 and 100 at 60oC in THF. b) Average
molecular weight of the growing polymer chains as a function of the monomer
conversion determined by size exclusion chromatography using pMMA as cali-
brant and c) Elution graphs at different polymerisation time points for DP =
50.
(1H at 5.63δ and 1H at 6.25δ) were compared to the integration of the proton from
the closest carbon on the propyl chain to the silicon atom (2H at 0.66δ). At each
time point, the molecular weight of the polymer was also measured by size exclusion
chromatography against near mono-disperse poly(methyl methacrylate) calibrants.
Figure 6.2-a shows that a linear pseudo-first order kinetics was obtained regardless
of the molecular weight targeted, with ≈ 55 % conversion reached at 6 h of polymeri-
sation. This showed that the stationary condition was met using TTC-CTA as a RAFT
agent and was a good sign of a controlled polymerisation. The observations made
from the kinetic plot were corroborated with the chromatography data with a linear
increase of the molecular as a function of the conversion (Figure 6.2-b and c). In ad-
dition, polymers were obtained with narrow molecular weight distributions, staying
under 1.2, sign of a successful RAFT polymerisation (Figure 6.2-b and c). Details on
the conversion rate, molecular weight and polydipersity for the 3 h and 6 h time points
are given in Table 6.1 (run P1 to P7).
The structure of the polymer was evaluated by 1H NMR after three consecutive
precipitations in n-hexane in order to remove all the unreacted monomers and initia-
tors (Figure 6.3, run P4). This purification method was found to be effective as no sign
of the vinyl group could be detected. Contrary to the poly(TMSPMA), the tacticity can
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Figure 6.3: 1H NMR spec-
tra of N-[3-(trimethoxysilyl)
propyl] acrylamide and its
corresponding polymer with
a degree of polymerisation of
50 in CDCl3. * traces of
THF.
be evaluated with acrylamide polymers due to the absence of the methylene group
along the backbone. No sign of hydrolysis of the alkoxysilane moieties (δSiOCH3 = 3.56
p.p.m) upon purification was observed, confirming that n-hexane is a good solvent
for the precipitation for sol-gel precursor containing polymers. Hydrolysis occurring
during the purification would compromise the synthesis of block-copolymers with
narrow molecular weight distribution, as possible condensation of the silanol could
occur.
It is generally believed that the controlled nature of a polymerisation can be cer-
tified by chain extension. When the reversible-deactivation equilibrium is effective,
the termination reactions are negligible as compared to free radical polymerisation
where terminations occur constantly over the reaction period. Thus, after purification,
poly(TMSPAA) should bear a trithiocarbonate end group, which can be used as a
RAFT agent to form a block-copolymer. N-isopropylacrylamide (NIPAM) was chosen
to chain extend poly(TMSPAA) as it is a well known acrylamide monomer which has
been successfully polymerised with trithiocarbonate RAFT agent.
Similar experimental conditions, as compared to TMSPA, were used for the poly-
merisation of NIPAM with a fix monomer concentration of 1 M and [M]:[TTC-CTA]:[I]
ratios of 100:1:0.2 (run P8). The macro-RAFT used had a Mn of approximately 2700
g.mol−1 (determined by SEC) with a narrow molecular distribution, PDI = 1.12 (run
P3). No kinetics were conducted here as these conditions were already proven to
be adequate for the polymerisation of NIPAM. Thus, the reaction was left running
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Figure 6.4: Size ex-
clusion chromatograph
of poly(TMSPAA) and
poly(TMSPAA-b-NIPAM)
using THF as an eluent at 1
mL.min−1.
overnight to reach near completion with 89 % conversion of monomer to polymer. The
SEC analysis of the block copolymer shows that high re-initiation efﬁciency was ob-
tained with mono-modal distribution of the molecular weight (Figure 6.4). The result-
ing block copolymer had a calculated Mn of 14000 g.mol−1 with a narrow molecular
weight distribution, PDI = 1.18. The ratio of the monomer to TTC-CTA was changed
from 100:1 to 200:1 and 375:1 to conﬁrm the good re-initation ability of poly(TMSPAA)
using AIBN as a primary source of radical (run P9 and P10). All polymers were found
to be well controlled with polydispersity below 1.2 and molecular weight close to their
theoretical values. However, small humps on either side of the distribution could be
observed in all chain extension carried out in this chapter. On the low molecular
weight side, this could be attributed to dead macro-RAFT end-chain whereas it is
likely that the high molecular weight shoulder originated from termination by dispro-
portionation occurring towards the end of the polymerisation when high conversion
was reached.
The structure of the ﬁnal block-copolymer was investigated using 1H NMR as
shown in Figure 6.5. The relative molar concentration of each unit within the polymer
structure was calculated by comparing the integration of the protons of the propyl
group of NIPAM to the integration of the protons of the methoxy groups on TMSPAA.
It showed that the number of NIPAM unit added onto poly(TMSPAA) were close to
their theoretical number which is based on the number of monomer per TTC-CTA
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relative to the conversion percentage. These data corroborate the observations made
by chromatography.
6.4.1 | Versatile use of pTMSPAA as a gelable polymer.
As it was described in the literature review chapter, well defined polymers synthesised
with reversible-deactivation methods can be used for the synthesis of nano-materials.
In addition, Chapter 5 also showed that these polymers can play a fundamental role
in tailoring the sol-gel processing of silica class II hybrids. Thus, to confirm that
poly(TMSPAA) is a versatile gelable polymer both concepts were used in this sec-
tion with: i) the synthesis of temperature responsive nanoparticles made from the
self-assembly of poly(TMSPAA-b-NIPAM) block co-polymers (P8, P9 and P10), ii) the
synthesis of silica class II hybrid using of pTMSPAA (P6) as an organic source and
tetraethyl orthosilicate (TEOS) as an inorganic source via the sol-gel process.
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Temperature responsive nanoparticles
Synthesis and characterisation:
Figure 6.6: a) Structural representation of poly(TMSPAA-b-NIPAM) and a schematic rep-
resenting the core-shell structure that was obtained by a precipitation method
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Figure 6.7: Dynamic light
scattering of the polymer
particles after self-assembly
and condensation of the
alkoxysilane moieties with
poly(NIPAM) at different
degrees of polymerisation.
The measurements were per-
formed at 25oC, below the
LCST of NIPAM.
In this section the preparation and characterisation of thermoresponsive nanopar-
ticle from poly(TMSPAA-b-NIPAM) is described. Within the poly(TMSPAA-b-NIPAM)
structure, the poly(TMSPAA) segment is not miscible with water when the alkoxysi-
lane moieties are not hydrolysed, whereas NIPAM is readily soluble at room tem-
perature, making the block copolymer an amphiphilic molecule. Thus, above its
critical micellar concentration (CMC), poly(TMSPAA-b-NIPAM) have the ability to
self-assemble forming spherical nanoparticle where the core can be stabilised upon
hydrolysis and condensation of the silica residues as illustrated in Figure 6.6. Here,
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core-shell thermoresponsive nanoparticles were prepared using an adapted method
proposed by Zhang et al.. [1] Briefly, the purified block copolymer was dissolved in
dimethylformamide (DMF) at a concentration of 1 mM, in which both segments of
the polymer were soluble. Then, a 5 mM triethylamine (TEA) solution was added
drop-wise to DMF to induce self-assembly via micellation of the polymer. The pres-
ence of TEA (strong base) stabilised the particle by catalysing the formation of Si-O-Si
branching, through the condensation of the alkoxysilane moieties present in the core
of the particles.
Nanoparticles were prepared from the block copolymers P8, P9 and P10, which
have a TMSPAA to NIPAM ratio of 28:100, 28:200 and 28:375, respectively. Upon addi-
tion of the dilute TEA solution, the solution containing the polymer turned pale blue
when 15% v/v solvent ratio was reached, featuring the formation of nanoparticle.
The resulting size of the particles were found to be a function of the degree of poly-
merisation (DP) of the NIPAM segment, resulting in mono-modal and narrow size
distribution ranging in mode from 100 nm (P8, DP=100 ) to 400 nm (P10, DP=375),
measured by dynamic light scattering (DLS) at 25oC (Figure 6.7). All particles were
found to be highly stable, due to the cross-linking of the silica core, with no variation
in their hydrodynamic radius over four mouths.
Thermo-response:
Poly(NIPAM) is known to undergo a coil-to-globule transition when the tempera-
ture increases above its lower critical solution temperature (LCST), which is approxi-
mately 32oC. [312] This phenomenon originates from the hydrophilic/hydrophobic na-
ture of poly(NIPAM). At a temperature below its LCST, the segment is water soluble
and hydrophilic due to hydrogen bonding formed between water and the NH and
C=O residues of each repeating unit. However, when the temperature increases be-
yond the LCST point, these hydrogen bonds with the solvent break. The NH and
C=O residues associate with themselves leading to a phase transition where the poly-
mer becomes very hydrophobic as only the 10 non-polar hydrogen from the propyl
group and the backbone, per polymeric unit, are exposed to the solvent. More de-
tails on the thermodynamic aspect of the coil-to-globule transition, can be found in
references. [313–315]
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Figure 6.8: Temperature
response of the particle
made with P8, P9 and P10
where the relative concentra-
tion of NIPAM to TMSPAA
was varied.
Thus, the temperature response of the particles, made with P7, P8 and P9, was
evaluated by DLS by dispersing the polymer particle in water at a concentration of
5.10−3 mg.ml−1 as shown in Figure 6.8. Thermal ramp over the range of 27oC to
41oC was applied with a 1oC increment. At each step a 2 minutes equilibrium was
observed to homogenise the temperature within the cuvette chamber. All the particles
decreased in hydrodynamic radius above 32oC, regardless of their original size. For
instance, the hydrodynamic diameter of the particles made from poly(TMSPAA25-b-
NIPAM200) decreased from 173.3±2.6 nm below 32oC to 104.9±3.5 nm above 32oC. It is
noteworthy to mention that the transition temperature between the hydrated state and
dehydrated state of the particle increased as the size of the poly(NIPAM) increased,
from 33o for a DP of 100 to 35.5o for a DP of 375.
Zhang et. al. [1], Wei et. al. [316] and Chang et. al. [180] observed similar behaviour
when preparing nanoparticles of similar composition. They associated this increase in
LCST with a diffusion-limited transition where the outer shell of the particles undergo
the coil-to-globule transition first, generating an hydrophobic corona and limiting the
diffusion of the water which was solvating the inner NIPAM units.
To confirm that the size of the particle obtained by DLS were representative of dis-
perse particles and not due to the scattering of aggregates, images were taken using
transmission electron microscopy (TEM) as shown in 6.9. Due to the high vacuum
required to perform TEM, the particles were expected to have a size characteristic of
their dehydrated state, above their LCST. Thus, the size of the particles measured by
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Figure 6.9: TEM images of the thermoresponsive particles synthesised from (I) P8, (II) P9
and (III) P10.
TEM (N = 25) were equivalent to these measured by DLS with 65±11 nm, 121±14 nm
and 234±31 nm for a DP of poly(NIPAM) of 100, 200 and 375 respectively. In addition,
these measurements were in good agreement with the theoretical particles size, fea-
turing a good micellisation. If all polymer chains are in a stretched conformation, the
diameter of the micelles should not be greater than 2x(degree of polymerisation)x(2
carbon-carbon bond length). Thus, the micellisation of P8, P9 and P10 should result
in the formation of particles of 64, 114 and 201.5 nm, respectively. This is a clear
improvement compared to the work reported by Zhang et. al. as they observed the
formation large compounds micelles (particles formed from multiple micelles) with
no direct control of the particles size as a function of the initial polymer composi-
tion.[1,317] This is might be due to the difference in the structure of the RAFT agent
used. Here, the Z group is a dodecane chain, giving to poly(TMSPAA-b-NIPAM) a
highly hydrophobic end group, known to spontaneously form micelles whereas the
benzene ring from S-Benzyl dithiobenzoate used by Zhang et. al. does not provide
such enhancement. [254]
Silica class II hybrid synthesis
Observations on the synthesis:
This section investigates whether the change in the backbone (acrylamide versus
methacrylate) had an effect on the sol-gel process. Thus, poly(TMSPAA) of a molecu-
lar weight of 5670 g.mol−1 (P6) was used for the synthesis of class II hybrids, which
was compared to similar hybrid in chapter 5, featuring an homopolymer of TMSPMA
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Figure 6.10: Conventional and SEM images of the pTMSPAA/SiO2 hybrids at I75.
with a Mn of 6095 g.mol−1 and PDI of 1.12.
The trithiocarbonate end group (hydrophobic dodecane chain) of poly(TMSPAA)
was not removed by radical induced group removal as trithiocarbonates are known to
undergo rapid hydrolysis under acidic condition, which was conﬁrmed by the drastic
change in colour upon addition of the polymer into the sol. [318] Trithiocarbonates
are known to absorb in the UV-Vis range giving them a strong yellow colour.[319]
However, their tonality depend on their R groups. Upon polymerisation the colour of
the reaction solution went from dark to pale yellow, sign of a good re-initiation of the
leaving R group (methylpropionate) and reversible transfer of the poly(acrylamide).
The reverse colour transition was observed upon addition of the polymer in the sol,
sign of the cleavage of the trithiocarbonate end group from poly(TMSPAA).
The relative concentration of pTMSPAA to TEOS was varied in order to control
the inorganic to organic weight ratio (Ih) aiming at 29 % (polymer only), 50 % and
75 %. No signiﬁcant variation in gelation time was observed as compared with
poly(TMSPMA). As the inorganic to organic ratio increased the gelation time de-
creased from 2h at I75 to 1 min at I29. This is good indication that the backbone of
the polymer did not alter the sol-gel process. In addition, this reinforces the statement
made in the previous chapter, where it was demonstrated that the gelation mechanism
is solely inﬂuenced by the molecular weight of the polymer and its polydispersity
when using high cross-linking density polymer as organic source for the synthesis of
class II hybrids.
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After complete drying at 60oC, optically transparent and crack free monoliths were
obtained (Figure 6.10), regardless of the composition targeted. Hybrids had a strong
dark yellow colour, due to the trithiocarbonate residues present during the gelation.
Here, pTMSPAA/SiO2 hybrids were synthesised as a proof of concept and removal
of the chain transfer end group is recommended if further biological investigation is
considered. FEG-SEM was performed on the surface fracture of the pTMSPAA/SiO2
hybrids at 75 % inorganic to organic ratio and revealed a morphology typical of silica
sol-gel derived materials. [36]
Characterisation:
As poly(TMSPAA) did not have any significant effect on the gelation time com-
pared to poly(TMSPMA), the dissolution properties of its resulting hybrids were ex-
pected to be similar. In addition, it was demonstrated in the previous chapters that
the release of the silica in solution varies only as a function of the specific surface area
of the hybrids. Thus, the specific surface area (SSA) of the pTMSPAA/SiO2 hybrids
was measured by nitrogen sorption, applying the BET method on the first points of
the adsorption branch. [248] The SSA of the hybrid was found to be a function of the
inorganic to organic ratio, decreasing from 457 m2.g−1 for I100 down to the detection
limit of the machine for I29. However, no statistical difference in SSA were observed
between the hybrids made with poly(TMSPAA) and poly(TMSPMA), regardless of the
inorganic to organic ratio targeted. Thus, it is very likely that the dissolution profiles
of pTMSPAA/SiO2 follows the same trend as pTMSPMA/SiO2.
Despite the similarity in properties, pTMSPAA/SiO2 hybrids were expected to
have distinctive FTIR features, due to the change in backbone of the polymer. Thus
variation in the molecular structure of hybrids as a function of Ih was monitored by
attenuated total reflectance Fourier transforms infrared. Spectra were normalised to
the asymmetric stretching band of Si-O-Si at ≈ 1050 cm−1, present in all composition.
As for the hybrids previously characterised by FTIR, the envelope characteristic of the
Si-O-Si AS2 stretching absorptions bands shifted from ≈ 1030 cm−1 to ≈ 1060 cm−1
wavenumber with the increase of the inorganic to organic weight ratio. However,
contrary to the poly(TMSPMA) hybrids, pTMSPAA/SiO2 hybrids exhibits strong ab-
sorptions characteristic of the amide groups with C=O stretching at 1640 cm−1 (amide
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I), N-H bending vibration at 1540 cm−1 (amide II) and C-N vibration at 1200 cm−1
(amide III), as well as infrared absorption band from the polymer backbone, C-H at
870 cm−1. [320] The polymeric features decreased as the inorganic to organic weight
ratio whereas the absorption bands characteristic of the silica network followed the
opposite trend.
6.5 Conclusions
N-[3-(trimethoxysilyl)propyl]acrylamide was successfully polymerised, in a controlled
manner (PDI < 1.2), by RAFT using a trithiocarbonate chain transfer agent without
triggering any hydrolysis of the alkoxysilane moiety. After purification, pTMSPA
showed a high efficiency to reinitiate chain growth, confirming the living nature of
the polymerisation. pTMSPA was proven to be very versatile in its use as a gelable
polymer through the formation of thermoresponsive nanoparticle with size ranging
from 100 to 400 nm, depending on the degree of polymerisation of the NIPAM residue
and silica class II hybrid at different inorganic to organic ratio. The data acquired in
this chapter are really promising and showed that TMSPAA could potentially to be
used as a structural agent for advanced sequential polymerisation.

CHAPTER7
Concluding remarks
"Ce que nous connaissons est peu de chose, ce que nous ignorons est immense."
∴
"What we know is not much. What we do not know is immense."
-Les dernier mots de Pierre-Simon Laplace
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7.1 Conclusion remarks
A new-class of polymethacrylic-silica class II hybrid materials, with highly tailorable
properties, has been engineered. The aim of this work was to get a better understand-
ing of the influence of high-cross linking density polymers onto the sol-gel process
and the properties of the resulting hybrids, towards the design of a new generation of
implant which would allow the in situ regeneration of bone defects.
Initially, poly(3-methoxysilylpropyl methacrylate) was synthesised via regulated
free radical polymerisation which allowed a control of the average molecular weight
of the polymer, confirmed by a kinetics study of the polymerisation. The effect of
the molecular weight of the polymer and the inorganic to organic ratio on the sol-
gel process and the resulting hybrids properties were investigated. Characterisation
techniques were adapted to the intrinsic nature of the relationship between the organic
and inorganic phase through the development of new tools based on acoustic AFM
and 29Si MAS NMR. A new gelation mechanism for hybrid sols with polymer of high
cross-linking density was proposed based on morphology of the resulting hybrids
using AFM.
A particular attention was brought to the understanding of the relationship be-
tween the mechanical properties of the hybrids with their structures. Nanoindenta-
tion revealed that the mode of deformation was a function of the inorganic to organic
ratio. Thus, hybrids require analytical methods that take into account these changes
in properties, such as the VEP model. 29Si MAS NMR was used to define a new met-
ric : the volumetric density of bridging oxygen (ρv,Si−O−Si) and it was found that the
variation in the elasticity of the hybrids was a direct consequence of the addition of
pTMSPMA, which acts as a bridging oxygen spacer, lowering ρv,Si−O−Si. Thus, control
of the mechanical properties of class II silica hybrid can be obtained by varying the
inorganic to organic ratio while Mn had no effect.
The effect of a refinement of the structure of poly(TMSPMA) was investigated
using advanced polymerisation techniques. RAFT radical polymerisation was used
to obtain polymer near mono-dispersed polymeric chains and the properties of the
resulting hybrids were compared to those using polymer synthesised by r-FRP. No
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significant effect was observed on the mechanical properties, specific surface area and
release of soluble silica. However, RAFT offers the benefit that if the hybrid lost
polymer chains during the in vivo degradation/dissolution, the size of those chains
are known and would be removed from circulation by passing through the kidneys.
Mechanical properties were not lost, so in design of biodegradable hybrids, e.g. using
a degradable cross linker, RAFT would be the preferred polymerisation method.
The biological relevance of the pTMSPMA/SiO2 hybrids was assessed by looking
at their behaviour under uniaxial compression, their specific surface area, their release
of soluble silica in buffered solution, their ability to nucleate bone like minerals and
their cellular responses, showing their great potential for producing scaffolds with
enhanced elasticity for bone regeneration . The addition of a high cross linking density
polymer into the sol-gel significantly improved the mechanical properties of sol-gel
silica by changing the mode of deformation from brittle to ductile while retaining their
high specific area, mesoporosity and ability to deliver soluble silica at a therapeutic
level. MC3T3 bone cells showed a better affinity for the pTMSPMA/SiO2 hybrids,
compared to pure silica, through the formation of focal adhesions in comparison to
pure silica gel, highlighting its superiority in promoting cellular attachment, crucial
for bone regeneration.
Finally, new perspective were opened with the successful RAFT polymerisation
of N-[3-(trimethoxysilyl)propyl]acrylamide, which could be used in the synthesis of
multi-block copolymers (up to 20 blocks) mimicking the complexity of natural poly-
mers such as polypeptides, proteins or DNA.
7.2 Future work
Three future works are proposed here based on the evidences that this project re-
vealed:
• To confirm the gelation mechanism proposed here, a kinetics study would be
required, looking at the morphology of the growing silica network upon the
addition of high cross-linking density polymer in the sol. Techniques such as
small angle X-ray scattering could give a clear evaluation of the fractal growth
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of silica network and would confirm whether a polymeric mesh is formed in situ
with the condensation of TEOS in the interstitial space of the mesh.
• It would be interesting to see whether the elasticity of the hybrids is still a
function of the volumetric density of bridging oxygen when lowering the cross-
linking density of the polymer. TMSPMA could be copolymerised with methyl
methacrylate varying the relative molar ratio of two monomers prior to poly-
merisation.
• Even-though poly(TMSPMA) enhanced the apatite nucleation ability compared
to pure silica gels, it is still far from the gold standard Bioglass. Thus, the incor-
poration of bioatics such as a calcium alkoxyde precursor in the sol along with
poly(TMSPMA) could have a beneficial effect onto the biological performances
of the pTMSPMA/SiO2 hybrids.
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Figure 8.1: Acoustic atomic force microscopy phase imaging of pTMSPMA/SiO2 hybrids
with pTMSPMA at 30 kDa at (a) I100, (b) I75, (c) I50 and (d) I29 over an
area of 1 µm by 1 µm from -30 to 45◦.
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Figure 8.2: Characteristic size of the polymeric mesh measured from the phase image (AC-
AFM) on pTMSPMA/SiO2 hybrid at I50.

CHAPTER9
Appendix B
Full table of the mechanical properties extracted from the VEP model in the chapter
dealing with pTMSPMA synthesised by regulated-free radical polymerisation
Table 9.1: Reduced Young’s modulus, Er, hardness, H, and viscoelastic factor, α3ηQ, ex-
tracted from nanoindentation data using the Viscous-Elastic-Plastic model. mean
and standard deviation are given on a basis of 50 measurements. The Young’s
modulus, E, is related to the reduced Young’s modulus by Er = E1−ν2 , where ν
is the Poisson’s ratio.
Hybrid Er (GPa) H (GPa) α3ηQ (1012 Pa.s2)
I100 15.96±0.73 3.40±0.01 40.29±1.25
I29, 2.5 kDa 1.41±0.50 0.21±0.09 8.32±1.93
I50, 2.5 kDa 2.53±0.19 0.62±0.06 22.55±2.30
I75, 2.5 kDa 6.35±0.80 1.56±0.02 44.54±2.07
I29, 7.5 kDa 1.11±1.64 0.17±0.16 7.37±2.33
I50, 7.5 kDa 3.0±0.70 0.52±0.04 28.28±1.54
I75, 7.5 kDa 7.23±0.46 2.52±0.02 38.56±0.42
I29, 15 kDa 1.41±0.23 0.25±0.03 8.57±1.33
I50, 15 kDa 2.53±0.32 0.45±0.03 25.19±2.60
I75, 15 kDa 7.35±0.98 1.32±0.05 40.89±1.65
I29, 30 kDa 1.41±0.68 0.24±0.03 9.23±1.17
I50, 30 kDa 2.83±0.28 0.47±0.01 22.56±3.40
I75, 30 kDa 7.08±0.75 1.22±0.03 41.21±0.55
